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Zusammenfassung 
 
Die kombinierte Speicherung von Elektronen und Ionen ist das zentrale Konzept von 
Batteriespeichertechnologien. Konventionelle Mechanismen beziehen sich auf die homogene 
Speicherung von Materie in der Volumenphase eines Wirt-Materials. Erst seit Kurzem 
ermöglicht ein neuer Speichermechanismus die heterogene Speicherung in zwei benachbarten 
Phasen, von denen keine für sich allein genommen sowohl das Elektron als auch das Ion 
speichern kann. Diesem Mechanismus gemäß kann die Spezies M an einem Übergang zwischen 
einer Ionen-leitenden und einer Elektronen-leitenden Phase gespeichert werden. Hierbei 
geschieht die Speicherung ausschließlich in Form einer Arbeitsteilung der beiden Phasen (engl.: 
job-sharing mechanism): M+ wird auf der Ionen-leitenden Seite und e- auf der Elektronen-
leitenden Seite des Kontaktes gespeichert. Ein vollständiges Verständnis des 
Speichermechanismus ist hierbei nicht nur von fundamentalem, sondern auch von 
technologischem Interesse. 
Die vorliegende Arbeit gliedert sich in drei Hauptteile: Erarbeitung einer detaillierten Theorie 
des zugrunde liegenden Speichermechanismus, die experimentelle Validierung und die 
Demonstration des Mechanismus in Anwendungen. Da die gespeichert Spezies M aus 
verschiedenen Ladungsträgern (M+ und e-) besteht, korreliert der Speichermechanismus direkt 
mit der Defektchemie in den Volumenphasen und Raumladungszonen. Die Thermodynamik der 
Grenzflächenspeicherung wird umfassend für verschiedene Übergangstypen diskutiert. Das 
allgemeine Model umfasst drei Speicherregime: den intrinsischen Modus für geringfügige 
Speicherung, den von diffusiven Schichten dominierten Modus für die moderate Speicherung 
und den von starren Schichten dominierten Modus für die Speicherung großer Mengen. Wie der 
klassische Speichermechanismus, so erlaubt auch der job-sharing Mechanismus die Etablierung 
von Fehlstellen im Gitter, insbesondere realisiert durch die kombinierte Bildung von ionischen 
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Leerstellen und elektronischen Löchern. Überdies erlaubt die Variation verschiedener Parameter 
eine quantitative Übersicht über das Model. 
Erste experimentelle Hinweise ergeben sich aus der Nichtstöchiometrie von Li in LiF/Ni-
Nanokompositen. Da weder LiF noch Ni für sich allein genommen Li speichern kann, treten 
stöchiometrische Variationen lediglich in den Raumladungszonen der LiF|Ni Grenzflächen auf. 
Basierend auf dem Zusammenhang zwischen dem Gleichgewichtspotential und der 
Speicherkapazität sind die Ergebnisse in Einklang mit dem entwickelten Model. Die Ergebnisse 
sind weiterhin hilfreich für ein vereinheitlichtes Verständnis des Beitrags der Volumenphase und 
der Grenzflächen bei der Ladungsspeicherung in nanostrukturierten Elektrodenmaterialien. 
Eine weitere experimentelle Bestätigung ist die Speicherung von Ag in RbAg4I5|Kohlenstoff-
Grenzflächen. Die hergestellten elektrochemischen Zellen zeigen eine deutliche 
Stöchiometrievariation an den Grenzflächen des superionischen Leiters RbAg4I5 mit Kohlenstoff. 
Das komplette Bild der Ag-Nichtstöchiometrie umfasst: Bildung von I2, Ag Leerstellenbildung, 
Ag Überschuss und Ag Abscheidung. Deweiteren ist der Prozess der Speicherung/Entfernung 
mit einem sehr schnellen Massetransport verbunden. Der Massetransport wird durch chemische 
Diffusion in Folge des job-sharings interpretiert. Im Unterschied zur klassischen chemischen 
Diffusion ist die Rate der heterogenen chemischen Diffusion auf Grund der Existenz des 
Raumladungsfeldes merklich erhöht.  
In der Arbeit wird die Anwendbarkeit in verschiedenen Funktionseinheiten im Umfeld 
Erneuerbarer Energien wie Batterieelektroden, Superkondensatoren und Permeationsmembranen 
demonstriert. Ihre exzellente Performance ist auf das synergistische Konzept der 
Grenzflächenspeicherung zurückzuführen. Das neue Konzept bietet weitere Freiheitsgrade beim 
Design neuer elektronisch-ionischer Mischleiter, und es ist zu hoffen, dass es den Weg für eine 
neue Klasse funktioneller Verbundmaterialien ebnet. 
 
 V 
 
 
 
Abstract 
 
Mass storage is the core concept of energy storage technologies. Conventional mechanisms are 
to store matter homogeneously in the bulk phase of host materials. Recently, a novel storage 
mechanism enables one to heterogeneously store matter between two phases, even though the 
storage is not possible in the individual phases. According to the mechanism, the matter M could 
be locally stabilized at an ionic conductor/electronic conductor junction. It solely occurs in a job-
sharing way: M+ resides on the ionic conductor side of the interface while e- on the electronic 
conductor side. A full understanding of the storage mechanisms is not only fundamentally 
important but also technologically of interest. 
This thesis covers three main parts: the theory of the mechanism, the finding of experimental 
evidence, and the demonstration of applications. As the stored species consist of different charge 
carriers, it is directly correlated with the defect chemistry in the bulk and in the space charge 
regions. The thermodynamics of the interfacial storage is comprehensively discussed for 
different junction types. The generalized model includes three storage regimes: intrinsically 
dominated mode for marginal storage, diffusive-layer dominated mode for medium storage, and 
rigid-layer dominated mode for large storage. Like classic storage mechanisms, the job-sharing 
mechanism also allows for establishing deficiencies, realized by forming ion vacancies coupled 
with electron holes. Moreover, an evaluation of the parameter variation gives a quantitative 
overview of the model.  
The first experimental evidence is the non-stoichiometry of Li in the LiF/Ni nanocomposites. As 
neither LiF nor Ni could accommodate Li by itself, the stoichiometric variation only occurs in 
the space charge regions of LiF/Ni interfaces. Based on the dependence of the equilibrium 
potential and the storage capacity, the result is in a good agreement with the developed model. 
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The understanding is helpful to unify the contributions of bulk and interfacial storage in 
nanostructured electrode materials.    
Another experimental corroboration is Ag storage at the RbAg4I5/carbon junctions. The 
fabricated all-solid-state electrochemical cells show distinct stoichiometric variations at the 
interfaces of superionic conductor RbAg4I5 and carbon. The full picture of the Ag non-
stoichiometry contains four regions: I2 liberation, Ag deficiency, Ag excess, and Ag deposition. 
Furthermore, the storage/removal process is kinetically highly favorable, due to an ultrafast mass 
transport. The anomalous mass transport rate is interpreted by the job-sharing chemical diffusion. 
Different from classic chemical diffusion, the heterogeneous chemical diffusion mechanism, 
benefiting from an electrostatic heterogeneity effect, can significantly enhance the rate of mass 
transport.    
Sustainable energy applications including battery electrodes, supercapacitors, and permeation 
membranes have been successfully verified. The excellent performance is attributed to the 
synergistic concept of the interfacial storage. The novel concept offers additional degrees of 
freedom for designing mixed electronic-ionic conductors and is hoped to pave the way for a new 
class of novel composite materials. 
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1 
Introduction 
 
Chemical energy storage is a key process for portable power. In particular, electrochemical 
energy storage devices such as lithium batteries provide clean, efficient, and powerful technique 
[1-3]. The working principle is directly related to the mass storage in the electrodes, because 
electrons from the external circuit and lithium ions through the electrolyte combine to lithium 
stored in the electrode. Therefore, the understanding of storage processes is not only 
fundamentally important but also technologically of interest in developing powerful energy 
storage devices. 
Besides kinetics and charge transport, the thermodynamics of storage is at the heart of 
electrochemical mass storage. Since the electrode materials typically consist of crystals 
containing electronic and ionic charge carriers, the storage mechanisms are directly connected 
with the defect chemistry of the solids [4, 5]. A typical example is lithium intercalation in 
LiCoO2[6], in which the lithium ion occupies the sites between two adjacent octahedra planes 
formed by cobalt and oxygen atoms and the electron is captured by the transition metal ion 
(Figure 1.1). Thus the lithium content in the solid solution is usually expressed as LixCoO2 (0 < x 
< 1). The storage (or removal) of lithium in the electrode materials can be fulfilled by techniques 
such as coulometric titrations.  
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Figure 1.1 Schematic of dissociation mechanism. 
.  
Figure 1.2 Coulometric titrations curve of Ag2S at 158
o
C [7].  
The nonstoichiometry in electrode materials is not limited to excess (“positive mass”). It also 
allows for deficiency (“negative mass”), which is connected with the presence of metal ion 
vacancies and electron holes. Excellently investigated solid in this context are silver 
chalcogenides. Wagner [8] first studied the nonstoichiometry of Ag2S by performing coulometric 
titrations. A distinct stoichiometric variation including both Ag excess and deficiency was 
observed for Ag2S and later also for other silver chalcogenides[9-11]. The theoretical treatment 
of the storage mechanism is correlated with the defect chemistry of solids. It relies on the 
concentrations of four charge carriers, i.e. interstitial ion, ion vacancy, electron, and holes. 
Taking into account the corresponding mass action laws and electroneutrality, one can derive a 
hyperbolic sine relationship between nonstoichiometry and chemical potential[12]. As shown in 
Figure 1.2, the coulometric titration curve for Ag2+δS exhibits a characteristic S-shaped feature of 
hyperbolic sine function, where the inflection point is the stoichiometric point (=0). The  
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Figure 1.3 Schematic of two phase transition mechanism 
 
positive and negative  values stand for Ag excess and deficiency, respectively. More complex 
defect chemistry and mathematics are encountered if the material is doped. For more details, 
please refer to a recent treatise on thermodynamics of lithium storage [5]. 
Besides the solid solution mechanism characterized by incorporating point defects in single 
phase, another vital storage mechanism involves phase transitions. As far as two phase systems 
such as FePO4/LiFePO4 are concerned, a reversible transformation between the two phases can 
happen during lithiation (i.e. from FePO4 to LiFePO4) and delithiation (i.e. from LiFePO4 to 
FePO4) (Figure 1.3). If one dress the analogy between Li chemical potential and temperature, the 
situation is analogous to the coexistence of boiling water and steam, but here we drive a 
transition between Li-poor solid and Li-rich solid. During phase transition the chemical 
potentials of each phase are invariant and only the phase fraction varies. This thus leads to the 
characteristic feature of such a mechanism: a voltage plateau under battery operation. The 
equilibrium potential of the phase transition is determined by the local two-phase equilibrium 
and hence by the reaction Gibbs energy. The latter becomes particularly delicate for 
nanocrystalline materials because the surface energy contribution to the chemical potential[13]. 
The lithium potential of the cell thus can be tuned by controlling the size of the electrodes[14].  
The above considerations can be applied to multiphase systems as well. In lithium-based 
batteries, it specifically refers to conversion reactions, e.g. transformation of the transition metal 
oxides to transition metal/Li2O nanocomposites, and vice versa [15]. For instance, Figure 1.4  
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Figure 1.4 Schematic of three phase transition mechanism.  
illustrates that a three-phase coexistence of CoO/Co/Li2O takes place in the conversion from 
CoO. That is, the lithium can be stored in the material by reacting with CoO and meanwhile 
producing Co and Li2O. Similar reactions were observed in metal fluorides and metal sulfides 
[16, 17]. In battery application, the mechanism may be used in anode materials providing a 
higher capacity than the insertion mechanism. Even though from a macroscopic thermodynamic 
point of view, the situation of multiphase coexistence is not different from two phase coexistence, 
yet surfaces/interfaces energy play a more important role. Products generated by conversion 
reactions are typically nanocrystalline or even amorphous. The self-formation of nanocrystals 
leads to a complexity of microstructure, which is a major obstacle for the cyclability of batteries. 
Taking FeF2 and CuF2 for examples, both metal fluorides can react with lithium and decompose 
to metal nanoparticles embedded in LiF matrices. For the former, iron nanoparticles are 
interconnected and form electronic pathways within the LiF phase[18]. The Fe/LiF network thus 
offers a bicontinuous paths for lithium ions and electrons. On the other hand, copper 
nanoparticles formed from CuF2 aggregate to large particles. Even though LiF matrix still 
provides good ionic connection, the lack of electronic paths leads to very poor reversibility. 
The aforementioned mechanisms including single phase (solid solution), two-phase transition, 
and the conversion reaction have been extensively investigated over decades[19]. The similarity 
of these mechanisms is that the mass storage has to occur in the bulk phase of the host materials. 
Unlike conventional bulk storage, Jamnik and Maier proposed a novel storage mechanism that 
can store mass at the contact of two phases[13]. It shows that, for instance, lithium could be 
stored at the interface even though none of the constituent phases could store lithium themselves.  
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Figure 1.5 Schematic of interfacial storage mechanism. 
According to this mechanism, the individual charges (Li
+
, e
-
) respectively localize in the space 
charge layers of two adjacent phases. Illustrated in Figure 1.5, the Li
+
 distributes at the α phase 
side of the boundary while the e
-
 is restricted to the β phase side. Note that α can only 
accommodate Li
+
 (but not e
-
) while β can only accommodate e
-
 (but not Li
+
). As neither of the 
constituents could store Li by itself, this is called ”job-sharing” mechanism. Owing to individual 
pathways for Li
+
 and e
-
, the mechanism allows for fast storage and may build a bridge between a 
supercapacitor and a battery electrode.  
The interfacial storage for lithium was first observed in Ru/Li2O nanocomposites synthesized by 
the conversion reaction of RuO2[20]. An excess capacity was observed beyond the maximal 
lithium content that RuO2 could take up via the classic modes. Since Li2O is a an ionic conductor 
that accommodates only Li
+
 but not e
-
 while Ru is a metal that does not alloy with lithium, 
excess lithium can be stored at the interfaces of Ru/Li2O nanocomposites. The phenomena of 
additional capacity beyond complete conversion reaction have been extensively reported in metal 
oxides and metal fluorides [16, 21]. Density functional theory calculation supported that the 
storage mechanism is thermodynamically favorable with the storage in metal/Li2O being more 
substantial than metal/LiF, due to larger lattice constants of Li2O [22, 23].  
An excellent model material to summarize the aforementioned four mechanisms is RuO2. As 
shown in Figure 1.6, RuO2 can dissolve lithium with a solubility limit of Li0.1RuO2. Upon further  
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Figure 1.6 The voltage-composition curve on galvanostatic discharge of RuO2/Li cell.[5]  
lithiation a two phase reaction occurs. A potential plateau at 2.1V is clearly seen during the phase 
transition between Li0.1RuO2 and Li0.88RuO2. Then further lithiation drives the dissolution 
mechanism taking place again until the composition Li1.1RuO2 is reached. Like the titration curve 
of Ag2S, the discharge curve in this regime also exhibits a S-shape feature, which may suggest a 
transition from lithium deficiency to lithium excess. The highest capacity of the material is due 
to the conversion reaction, during which Li1.1RuO2 decomposes into to Li2O/Ru nanocomposite. 
Since at phase equilibrium the chemical potentials of the three components are fixed, a plateau at 
0.8V is observed for the three-phase change reaction. The theoretical capacity of RuO2 is 800 
mAh/g, corresponding to 4 lithium per Ru. However, Figure 6 shows an extra capacity of 300 
mA/g beyond the theoretical value. Besides passivation layers that generally form in the first 
discharge process, another possible way to accommodate the excess lithium is the interfacial 
storage. It is in particular possible in the case because the Li2O/Ru nanocomposite has large 
contact area. Our recent work suggested that the extra capacity in the potential range between 0 
to 1V can be reversibly charged even at high current[24]. The superior rate performance is 
apparently not due to the side reactions such as electrolyte decomposition.    
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The novel interfacial storage arouses great interest in scientific understanding. It is also 
technologically relevant in energy storage devices and may open a new class of mixed 
conductors. The thesis aims at fully understanding the interfacial storage mechanism. In chapter 
2, a comprehensive model in the framework of defect chemistry and space charge concept will 
be developed. The model addresses the thermodynamics of nonstoichiometry for different 
contact situations. It is shown that the stoichiometric variation includes not only excess but also 
deficiency like conventional bulk storage. Furthermore, the dependence of parameter variations 
on the model will be discussed. Chapter 3 covers experimental evidence in Li batteries. The 
synthesized LiF/Ni nanocomposite exhibits distinct lithium nonstoichiometry. Based on the 
equilibrium potential dependence on capacity, the results can be nicely interpreted by the 
developed model. Another example will be presented in Chapter 4, where all-solid-state Ag 
batteries are used to study the storage at superionic conductor/carbon contacts. Besides distinct 
stoichiometric variation is obtained, the storage kinetics is observed to be very fast, which leads 
to a novel concept of interfacial chemical diffusion. The conclusion and perspective will be 
discussed in Chapter 5. The development of energy storage technique is undoubtedly at the core 
of today’s societal demands. To realize alternative powerful techniques, the proposed interfacial 
storage concept can provide a new perspective in forms of fundamental research. Moreover, a 
comprehensive understanding of the mechanism is helpful for developing interfacially controlled 
materials with application potential for electrodes, supercapacitors, permeation membranes, and 
catalysts.  
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2 
Thermodynamics of Mass Storage at Interfaces 
 
The thermodynamics of conventional storage mechanism, i.e. mass being stored in the bulk 
phase of host materials, has been far-reachingly understood. In contrast to the classic bulk 
storage, a novel storage mechanism that enables one to store mass at the contact of two phases – 
even though not possible in the individual phases – was recently proposed [13] and will be 
comprehensively treated thermodynamically and kinetically. The mechanism is directly 
connected with the local stoichiometric variation in the space charge regions. It allows for 
establishing not only excess but also deficiency. This chapter also discusses the effect of varying 
the basic parameters of the model, which gives advice for designing composite electrode 
materials.  
 
2.1 Introduction 
The concept of interfacial effects in solid-state ionics dates back to the 70s. Liang [25] first 
discovered a conductivity enhancement for LiI electrolyte if mixing some amount of insulating 
particles Al2O3. The conductivity anomaly of such composite electrolytes was later explained in 
the framework of space charge concept [26]. It is attributed to the local adsorption of Li+ on the 
surface of Al2O3, leading to compensation by a high concentration of lithium ion vacancy in the 
space charge regions at LiI/Al2O3 interfaces. Over the past decades, the exploration of interfacial 
 2. Thermodynamics of Mass Storage at Interfaces  
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effects on charge transport has significantly pushed the development of solid-state ionics. Based 
on the concept, many examples have demonstrated that the electrical properties can be tuned by 
confining the size of materials or by forming different contact situations [27-31].  
The space charge model is directly connected with the defect chemistry at interface. The basis of 
this is to take seriously the energetic behaviors of ionic and electronic carriers at the interface 
contact. Maier [32] developed a comprehensive treatise of conduction at interfaces, which has 
been successfully confirmed by many experimental evidences including experiments with thin 
films and composites [33, 34]. Apart from charge transport, the space charge model can also be 
applied to charge storage[4, 5, 13]. A generalized concept will be developed in the context of this 
thesis. 
 
2.2 Theory  
2.2.1 Weakly disordered ionic conductor / Weakly disordered semiconductor 
junction 
We will start with an abrupt junction of two phases: phase α (weakly disordered ionic conductor 
with metal ion interstitials M
∙  and metal ion vacancies V
  as charge carriers) and phase β 
(weakly disordered semiconductor with electrons  and holes	ℎ∙ as charge carriers) (Figure 2.1). 
The description of point defects is according to Kröger-Vink notation. For the sake of simplicity, 
here we only consider monovalent defects (∙, , , ℎ∙) and denote the concentration of each 
type of defects as	, , , and , respectively. 
Unlike in bulk phase where the local electroneutrality has to hold, in the boundary region the 
condition of electroneutrality is replaced by Poisson’s equation, which correlates the electrostatic 
potential  established around the boundary and the local charge density  
∇	 = − 
 = − 	



.																																															(2.1)	 
Here   is the relative permittivity, 
  vacuum permittivity, F Faraday constant, and   charge 
number of species j. 
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Figure 2.1. Schematic of interfacial storage at a weakly disordered ionic conductor / weakly 
disordered semiconductor junction.  
 
As illustrated in Figure 2.1, if we only refer to phase α, the space charge region is characterized 
by an accumulation of ∙ and a depletion of  . The local charge charier concentration is given 
by a Boltzmann distribution 
  		 
   																																															2.2 
where  is the bulk concentration of charge carrier j and  the electrostatic potential in the 
bulk. The symbols R and T have their usual meanings. Substituting (2.2) into (2.1), we can derive 
the electric field, i.e.  
	
, for one-dimensional semi-infinite boundary conditions as 
  2
 
 exp 
    

.																												2.3 
(See Appendix I for more details.) Let us first focus on the side of phase α and assume that only 
two equivalently charge carriers (∙ and  ) are relevant. The space charge field will increase 
one carrier and decrease the counter carrier. In the case that interstitial cations are the major 
charge carriers, equation (2.3) can be rewritten as 
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−
 = −2
  − 	.																																							(2.4) 
According to equation (2.1) and (2.4), the total charge along the space charge zone in phase α is 
determined by the corresponding charge carrier concentration directly at interface ( = 0) 
 =   = 2
 0 − 0 .																														(2.5)


 
The two ionic defects, ∙  and  , are coupled by ionic (Frenkel) disorder equilibrium, 
established as a consequence of thermal excitation in the crystalline solid. Strictly speaking the 
perfect (defect-free) solid is only realized at 0K. At T > 0K, the thermal equilibrium 
concentration of point defects is necessarily greater than zero because of the configuration 
entropy they introduce. The equilibrium point-defect concentration is the concentration which 
minimizes the Gibbs free energy of the system [35].  
A Frenkel defect, originating from the displacement of an atom from its lattice position to an 
interstitial site, creating a vacancy on the original site and an interstitial at the new position 
 +  ⇋ 	∙ +  .																																																											2.6 
In equation (2.6),  and  denote the regular structural elements: a cation on its regular site 
and a vacancy on the interstitial site. This corresponds to an excitation of an ion from a regular 
energy level to the interstitial level. Such energy levels are more precisely standard 
electrochemical potentials. The formation free energy of ∙  and   thus can be viewed as 
analogy to the band gap between conduction and valance band in semiconductors, as 
electron/hole pair formation follows an analogous relation [36]. If concentration of ∙ and    
are rather dilute, a mass action law applies with Frenkel constant  
 = .																																																											(2.7) 
Consequently, equation (2.5) can be written as a function of 0 only: 
 = 2
0 − 0 																																										(2.8) 
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with the inverse function 
				0 = 
 + 	 + 8

22
 

	
		.																																				(2.9) 
On the other side of the contact (see Figure 2.1), the electronic disorder equilibrium for phase β 
(semiconductor with electrons and holes) has to be taken into account. As thermal excitation 
moves some electrons from valence band to conduction band, such excitations create electrons 
and holes  
 !"	 ⇋ 		  + 	ℎ∙	.																																																										(2.10)  
Neglecting activity coefficients we can apply an analogous mass action law to equation (2.7) 
 = #$#$	.																																																					(2.11) 
Independent of dopant concentration, the mass action law constant   only depends on the 
intrinsic properties of semiconductors, such as band gap and the effective density of states in 
conduction and valence band [37]. Therefore, the intrinsic charge carrier concentration, , is a 
characteristic electrical property of a semiconductor. Similar to the previous derivation for phase 
α, the total charge along the space charge area in phase β is described as   
 =   =

2		
 0−0 = 2		
 0−0									(2.12) 
where  is the relative permittivity of phase β. 
The ionic and electronic disorder equilibria are assumed to prevail everywhere in phase α and β, 
respectively. As far as the in-between interface is concerned, the simpler approximation is to 
assume a charge free zone with linearly electrical potential change (cf. e.g. ref. [38, 39]). Over 
the charge free zone an electrochemical equilibrium comprising defects in both phases holds  
 ⇋ ∙ = 0 + # = 0$	.																																													(2.13) 
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The physical meaning of (2.13) is that when the component M is accommodated into the lattice it 
suffices to formulate the incorporation of metal ions into interstitial sites of phase α whereby 
electrons are injected into the conduction band of phase β. The electrochemical equilibrium 
follows from the balance of the electrochemical potentials (%&) of each species j 
%& = %&∙ + %& 	.																																																								(2.14) 
If the species are dilute, a third mass action law 
0(0)' =  	× exp (−	((0) − (0)) )																											(2.15) 
is obtained, where '  is the activity of M,   mass action law constant for M storage, and 
(
	
(0) −(0)) = ∆0 the electrical potential drop over the charge free contact zone. (For the 
readers who are interested in more details, please see Appendix II.) According to Gauss’s law, 
the electrical potential drop is proportional to the product of the total charge and the zone 
distance (*), i.e. ∆
 ∝ *.1  Note that equation (2.15) involves the defects in both phases (∙ 
and ) and thus is recoupled with the other two mass action laws (i.e. (2.7) and (2.11)).  
The framework of the interfacial storage at abrupt junctions, consisting of the three mass action 
laws, conceptually also allows for establishing metal deficiency  
 +   = 0 + ℎ∙# = 0$ ⇋ Nil.																																					(2.16)  
This especially may happen when phase α is a compound in which metal ion vacancies easily 
form, such as lithium halides. Once M is taken out of the system,   resides on phase α side of 
the interface while ℎ∙ forms on phase β side for charge compensation. The stored mass now is 
therefore “negative”.  
Due to the global electroneutrality, the total charge stored in phase α and β (notating as  and ) must follow  
 =  = −.																																																		(2.17) 
                                                          
1
 For a parallel plate capacitor, the stored charge (unit: coulomb) = 
	

∆. So the potential drop ∆ can 
be replaced by /.  
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According to (2.8), (2.12), and (2.15), equation (2.17) can be rewritten as 
2
0 −  0 = 2
'0 	∆ − 0' ∆  .				2.18 
After rearrangement it yields the following solution:  
' 	=
+,
-
,. /0 −  00 + 1 /0 −  002
	
+ 4
2 0 	∆ 3,
4
,5
	
.										(2.19) 
Substituting (2.5), (2.9), and Gauss’s law into (2.19), we can describe the metal activity ' as an 
explicit function of storage capacity  
' 	= / + 	 + 8
0
	 / + 	 + 8
0	
64(
)	 	 							(2.20) 
where   ̅is the mean relative permittivity of the two phases.2 Various cases can be distinguished: 
(i) For small storage, ' is rather insensitive with respect to . (Note that for small ,  ≈ 1 + .) Here the introduced charge has not yet significantly perturbed the intrinsic disorder. 
Obviously this range is larger with greater KF and KB. (ii) For medium storage, when  in the 
prefactor of (2.20) is dominant but the exponential term is still close to unity (i.e. (∅	(0) −
∅(0)) ≈ 0), '  is proportional to  . In this range the introduced charge dominates out the 
intrinsic disorder and the counter defects can be neglected. (iii) For large storage, the exponential 
term of equation (2.20) becomes dominant and '  is hence proportional to  . (7 = ) 
Owing to significant amounts of ∙ and  accumulating in the outmost layer of the respective 
phases, the system exhibits a purely electrostatic capacitor behavior. It is worth mentioning that 
equation (2.20) is also applicable for deficiency. Since the stored mass is negative and it 
inversely rises with metal activity, the ' -  depedence becomes ' ∝ ||  for medium 
                                                          
2
 Here we follow the relation 	∆	


= ∇(x = 0) = 	∇	(x	 = 0).  
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storage and still stay ' ∝  for large storage. The details of different storage regimes will be 
discussed later.   
 
2.2.2 Weakly disordered ionic conductor / Heavily disordered electronic 
conductor junction 
Another interfacial storage situation is to share accommodation of M between an ionic conductor 
and a “good electronic conductor”, i.e. a metal (that we assume to not alloy with M). This 
mechanism is of special interest in energy storage applications because metals are extensively 
used as electrode materials in electrochemical cells. In the language of defect chemistry, we can 
approximately treat the metal in the limit of a semiconductor with very high KB [40], i.e “weak 
metal”3. Its Debye length, inversely proportional to the square root of bulk electronic defect 
concentration, is close or even smaller compared to the lattice size. In view of this, the space 
charge zone should be represented by a single layer with thickness comparable to the lattice. 
Another problem we meet is that the high electron concentration in metals actually invalidates 
the dilute approximation, so it is necessary to consider activity coefficients (non-ideality factor). 
In this way, the theoretical treatment will become very complicated because the correlation of 
concentration and activity coefficient is strongly dependent on materials.[41] To avoid the 
complexities, we only deal with the situation when activity coefficients are negligible (or 
invariant) and use a single layer approximation to for the space charge zones. Thus the electrons 
or the holes only locate at the surface of phase β, resulting in a space charge situation displayed 
in Figure 2.2. Therefore, the total storage in β is simply proportional to the surface charge 
concentration multiplied by the layer thickness 9. 
 = 9	#0 − 0$ 	= 9	 : 0 − 0;																														(2.21) 
                                                          
3
 Strictly speaking, it is necessary to apply Fermi-Dirac statistics when calculating the electronic concentration in 
metal. Then it is required to know the density of states and the corresponding probability of state occupancy. To 
simplify the mathematical treatment, we assume the “super electronic conductor” being “weak metal”, i.e. a 
semiconductor with close to zero band gap.    
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Figure 2.2. Schematic of interfacial storage at a weakly disordered ionic conductor / heavily 
disordered electronic conductor junction. 
 
Here we assume that the electronic disorder holds even in the small space charge region. Global 
electroneutrality, i.e. charge conservation, requires, according to (2.8) and (2.21) 
2
0   !0"  # $0  !0%.																										2.22 
Substituting (2.15) into (2.22) yields  
2
0   !0"  # 
!&0 	∆	  !0!& 	∆	 	.									2.23 
Solving (2.23) for  yields 
 
2	
0   	
0  2	
0   	
0
  4
2	
0 		∆0	
.			
2.24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With the help of (2.5), (2.9) and Gauss’s law, we can eliminate 0 in (2.24). The explicit 
relation between metal activity and storage capacity thus is 
' = / + 	 + 8
0
	 / + 	 + 4#9	$	0
169	
 	 .											(2.25) 
At small and large storage, equation (2.25) shows same dependence as (2.20), namely ' ≈ 
constant and ' ∝  	. For medium storage, the situation becomes more complicated because it 
now depends on the intrinsic level of the electronic conductors, i.e. . When  is not so large, 
a relation ' ∝ ± is obtained. Here again the plus sign refers to excess and minus sign to 
deficiency. An extreme case is met when  is very large, then second term in the numerator is 
anyway a constant ( + + 4 ≈ 4), it yields a different relation ' ∝ ±	. 
It is also worth mentioning that the electronic layer thickness 9 always stays constrained and 
ionic space charge layer changes its extent on varying storage. The coupling of a continuous 
function on one side and a step function on the other may lead to a physical misinterpretation in 
the outmost defect concentrations. Further discussion will be touched upon in section 2.3.2.  
  
2.2.3 Heavily disordered ionic conductor / Weakly disordered semiconductor 
junction 
A similar storage situation occurs when phase α is a superionic conductor while phase β is a 
semiconductor (Figure 2.3). Superionic conductors – ionic solids in which ions are highly mobile 
– exhibit anomalous ionic conductivity that even is comparable with liquid electrolyte. Unlike 
liquid electrolytes in which both cations and anions are mobile, superionic conductors only allow 
the movement of either cations or anions. A textbook example is AgI. It experiences a phase 
transition at 147oC from a weak ionic conductor (β-AgI, wurtzite) to a superionic conductor (α-
AgI, body-centered cubic) structure, accompanied by a significant increase of Ag+ conductivity 
to the order of 1 S/cm [42]. The extremely high conductivity is attributed to 42 available sites for  
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Figure 2.3. Schematic of interfacial storage at a heavily disordered ionic conductor / weakly 
disordered semiconductor junction. 
 
2 Ag
+
 in a cubic unit cell of iodide ions. The large number of available sites therefore causes that 
Ag
+ 
moves “freely” within the lattices (“molten sublattice”).  
An interesting approach to this phenomena of sublattice melting is to consider the columbic 
interactions between charged defects [43]. At temperatures far below the transition temperature, 
the defect concentration is small enough to allow us to ignore the interactions. With the rise of 
temperature, Frenkel disorder equilibrium introduces more point defects, which not only increase 
the configuration entropy but also the attractive interactions. These two effects respectively refer 
to different contributions to activity coefficients [44]. Thermodynamically, the electrostatic 
interaction reduces the formation free energy for Frenkel defects. That is, in the physical view 
(band structure) of equilibrium, the distance of the energy level of ∙ and   is decreased. The 
level narrowing keeps with the rise of defect concentration driven by thermal excitation. At a 
specific temperature, the two energy levels eventually coincide, meaning Ag
+
 is free to move 
from a regular site to an interstitial site. This turns an initially weakly defective conductor into a 
superionic conductor. In spite of neglecting structural effects, the above model is surprisingly in 
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nice agreements with experimental data. In short, this concept builds a bridge between defect 
properties in solid and liquid state.  
Since point defects in a superionic conductor are concentrated, the space charge zone should be 
viewed as a single layer. Mathematically the storage situation at the interface of superionic 
conductor/semiconductor is as isomorphic to the case of ionic conductor / highly disordered 
electronic conductor contact. So it is straightforward to swap the physical notations in (2.25), 
resulting in 
' = # + 	 + 49		$ / + 	 + 8
0
	
169	
 	 .											(2.26) 
Equation (2.26) reveals the same dependence of ' on : (i) small storage, ' ≈ constant, (ii) 
medium storage, ' ∝ ||± or ' ∝ ||±	, and (iii) large storage, ' ∝ . Opposite to the 
previous case, the broad space charge layer is now on the side of electronic conductor while the 
single charge-conducting layer is on the ionic conductor side. Furthermore, although metal ion 
moves freely in the superionic solid as in liquid, the anion is immobile, which leads to either 
metal excess or deficiency storage thermodynamically feasible.  
  
2.2.4 Heavily disordered ionic conductor / Heavily disordered electronic 
conductor junction 
The last situation under consideration is that M is stored at the contact of heavily disordered 
ionic conductor and heavily disordered electronic conductor. Strictly speaking the situation is 
most complicated because the activity coefficients now enter the game for both sides. To treat 
the problem more generally and more simply, we still use the same approach that assumes the 
activity coefficients are negligible or invariant. Due to high charge carrier concentrations in both 
phases, now both space charge layers are very thin, and no diffusive layers appear (Figure 2.4). 
The inner layer capacitance is dominant and therefore the system behaves like a parallel-plate 
electrostatic capacitor.  
The stored charge is directly the net charge in the outmost layer of α 
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Figure 2.4. Schematic of interfacial storage at a heavily disordered ionic conductor / heavily 
disordered electronic conductor junction. 
 
														'  #(0  0) 	 # $0  !0%																															2.27 
where # stands for the layer thickness in α. Algebraic rearrangement leads to  
0  ' +,' + 4#!2# 																																										2.28 
The condition of overall electroneutrality (2.17) at the interface still holds, explicitly connecting 
equation (2.15), (2.21), and (2.27)  
# $0  !0%  # 
!&0 	∆  !0!& 	∆ 																2.29 
Solving equation (2.29) for & yields  
& 
# $0  !0% + 0# $0  !0%1 + 4#!2#!0 	∆
																				2.30 
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After adopting (2.27), (2.28) to eliminate 0 and using Gauss’s law in equation (2.30), the 
desired '	vs. relation is obtained 
' = # + 	 + 49		$ ( + 	 + 4(9	)	)499		 	 .																				(2.31) 
The ' −  dependence for small and large storage stay as same as in previous situations. For 
medium storage, the n value of the relation ' ∝ ||± varies from 2 to 0, depending on the 
intrinsically disorder level. The characteristic value 0 refers to the extreme case with both very 
high  and , e.g. superionic conductor and metal. As the two mass action constants are so 
high, the two terms in the numerator of equation (2.31) always maintain constants. This 
implicitly suggests that the intrinsic concentrations on both sides are too high to be altered by the 
added charges. It is straightforward to follow that n value of 1 is obtained for either very high  
or  and 2 is given for not very high  or .     
Table 2.1 summarizes the expressions of '  as a function of   for different junctions. To 
investigate these correlations, electrochemical methods, such as coulometric titration techniques, 
are applied. As a pure metal M is usually selected as reference electrode, ' can be determined 
by measuring the chemical potential difference between the working and the reference electrode, 
c.f. Nernst equation  
<		(=*./) = −	 ln'																																																(2.32) 
with '>?@	 = 1. The material specificity enters via the various mass action constants and 
the dielectric constants in Table 2.1. In particular, the three mass action law constants (, , ) play key roles for the charge carrier concentrations at the interfaces. The details of defect 
chemistry for interfacial storage will be extensively discussed in the next section.  
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2.3 Results 
2.3.1 Weakly disordered ionic conductor/Weakly disordered electronic 
conductor junction 
Figure 2.5 shows the cell voltage versus capacity (M content) for interfacial storage at an ionic 
conductor/semiconductor junction. Like usual notation used in non-stoichiometry, positive ' 
refers to excess and negative ' refers to deficiency. The intrinsic point, i.e. the zero storage point, 
corresponds to an activity (!!/!) that is only determined by the three mass action law 
constants. The mathematical expression is analogous to that of the zero point for bulk storage [5], 
showing a satisfactory correspondence between heterogeneous storage and homogeneous storage. 
Note that these three constants for interfacial storage are adopted from different phases while for 
bulk storage they are from the same phase.  
 
 
Figure 2.5. The metal activity versus non-stoichiometry for a job-sharing mechanism. Apart 
from the stoichiometric point, positive ' refers to excess (∙/) and negative to deficiency 
( /3∙). The three different storage modes are dependent on the interfacial defect chemistry. 
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Figure 2.6. Schematic of different storage modes for excess. (a) Intrinsically dominated. All four 
types of defects are non-negligible. Even though the total number on the left is more than on the 
right, the net charges on both sides should be equal. (b) Diffusive-layer dominated. The stored 
charge is great enough to allow neglect of the counter defects. On both sides the charges 
distribute in the diffuse layers and ∆
 is still negligible. (c) Rigid-layer dominated. The charges 
accumulate in the rigid layer and yields substantial ∆
. Note that the Debye length, determined 
by the bulk defect concentration, does not change. 
 
Similar to bulk storage, the equilibrium potential vs. capacity exhibits a s-shape curve. As 
introduced in section 2.2, the total charge in the space charge zone is directly correlated with the 
defect concentrations in the outmost layers. Here we first consider the situation of the ionic 
conductor/semiconductor interface. The cartoon in Figure 2.6 illustrates the defect chemistry at 
the contact.  
For given mass action law constants and the physical parameters in Table 2.2, Figure 2.7 
displays the metal activity dependence on capacity, defect chemistry at interface, and the 
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electrostatic potential drop over the interface. Three different storage modes will be discussed as 
follows. 
Table 2.2. Physical parameters for the calculation shown in Figure 2.7 
K
F  
	 	 !"

 
⁄  K
M 
	 	 !"

 
⁄  K
B
	 	 !"

 
⁄  R / #$	 


	%		 !"
 T 	 	⁄  F / &
 !"
 
10-3 10-6 10-9 8.314 298 96500 
s /	B εα  εβ  	̅ ε0  / &
 #$  
3 × 10-10 10 10 10 8.9 × 10-12  
 
2.3.1.1 Intrinsically dominated storage  
The total storage in phase α is determined by the integral of ( − ) while in phase β, by 
the integral of ( − ). That is, the stored charge is solely dependent on the net defect 
concentration instead of the absolute concentration of each defect. Note that the different defects 
in the different phases may be very different in concentrations, depending on KF and KB. The 
storage regime is called intrinsically dominated storage where (, ) in phase α and 
(, ) in phase β are comparable, respectively. As mentioned in previous section, the 
interfacial storage mechanism not only allows establishing metal excess but also deficiency. The 
former consists of (∙, ) and the latter consists of ( , ℎ∙). In both situations it is necessary to 
consider the four charge carriers in this regime.  
For instance, Figure 2.7(b) illustrates that (0, 0), i.e. the concentrations of   and 	ℎ 
in the outmost layer of phase β, are on the same order of magnitude and markedly higher than 
(0, 0 ). Note that 0 ≈ 0 ≫ 0 ≈ 0.  Nevertheless, ((0) − (0)	) 
must be equal to (0 − 0	), if we assume the same dielectric constant for both phases. 
(cf. equation (2.5) and (2.12).) Due to global electroneutrality, for excess it should hold that 0 > 0,  0 > 0 while for deficiency  0 > 0,  0 > 0.  
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Figure 2.7. Interfacial defect chemistry of ionic conductor/semiconductor contact. (a) 
Dependence of capacity on metal activity. 5 is linear with ' in the diffuse-layer dominated 
regime while the curve bends in the rigid layer dominated regime, owing to the contribution from ∆
. (b) Defect concentrations versus metal activity. (c) The electrostatic potential drop over the 
interface. It becomes perceptible in the rigid layer dominated regime. 
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2.3.1.2 Diffusive-layer dominated storage 
With the storage increases, the majority defects become predominant and the corresponding 
counter defects hence negligible. If we take excess as example, ∙ in phase α and  in phase β, 
both increase with storage and eventually turn to be dominant. Meanwhile,   and	ℎ∙  in the 
respective phase become minor defects. This leads to typical Gouy-Chapman profiles in both 
phases. The width of the space charge layer varies from atomic scale to several nanometers, 
depending on material, temperature, impurity, etc[32]. Because two diffusive layers are 
respectively formed by majority defects (∙ , ), the storage mode is called diffusive-layer 
dominated storage. In this storage mode, the stored charge is mostly contributed by the majority 
defect, that is,  is approximately proportional to the integral of  or . Consequently, 
equation (2.5) and (2.12) can be rewritten as  
 =   = 2
0																																						2.33


 
 =   =


2
0.																																					(2.34) 
Substituting (2.33) and (2.34) into (2.15) and neglecting the exponential term of (2.15), we can 
derive a correlation that ' is proportional to , exactly as we introduced in section 2.1. By 
plotting ln	vs. ln ', Figure 2.7(a) clearly shows a linearity relation. Based on equation (2.32), 
the power order can be calculated, from the slope, to be 4. A similar derivation applies for 
deficiency if we treat (  ,	ℎ∙) as majority defects. Instead of 4, one should note that the power is 
-4 for deficiency, simply because the removal of metal leads to the decrease of metal activity.   
According to Boltzmann distribution, defect concentration and electrical potential depend on 
each other, implying that space charge potentials build up in phase α and β, respectively. 
However, the potential drop between the outmost layers of the two phases has not been 
considered so far.  
The potential drop (∆
 = ((0) − (0)) builds up on charge accumulation at the interface. 
At not so high storage, the potential drop is negligible, i.e. ∆
 ≈ 0 in equation (2.15). This 
actually reduces equation (2.15) to a typical mass action law  
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0(0)' = 																																																												(2.35) 
and the system can be regarded as a pure chemical capacitor.     
  
2.3.1.3 Rigid-layer dominated storage 
The potential drop (∆
)  becomes perceptible when a large amount of ∙  and 	gather in 
adjacent lattice planes of phases α and β. In this case, the system behaves like an electrostatic 
capacitor, and the stored capacity is mostly contributed by the charges at the boundary ( = 0). 
A similar phenomenon is expected for deficiency. Since most charges accumulate in the rigid 
layer of the interface, the storage mode is called rigid-layer dominated storage. In this mode we 
need to take seriously the exponential term in (2.15), which leads to the significance of the 
exponential term in the analytical solution (2.20). Mathematically, at high   the exponential 
function dominates the prefactor in (2.20), so we can obtain 
' ∝  																																																																			(2.36) 
where 7 = 

. Substituting equation (2.36) into equation (2.32), one can derive that the 
equilibrium potential is proportional to the capacity, a characteristic relation for electrostatic 
capacitors. Furthermore, it is worth mentioning that the matter stored in this interfacial 
mechanism is at the solid/solid interface while for conventional supercapacitors the matter is 
stored at a solid/liquid interface.   
Figure 2.7(c) shows how ∆
  varies with ln ' . As expected, ∆
  is negligible in the 
intrinsically and diffusive-layer dominated storage domains. It dramatically increases when 
entering the rigid-layer dominated regime. Compared with the defect chemical picture in Figure 
2.7(b), the rise of ∆
 is due to significant amount of charges accumulating in the outmost layer. 
(Note the y-axis is the logarithm of defect concentration.) As ∆
 refers to the difference of the 
two phase (outmost layers), it is positive for excess while negative for deficiency in Figure 2.7(c).  
 2. Thermodynamics of Mass Storage at Interfaces  
 
29 
 
Finally, the readers should note that the exponential function in (2.15) essentially leads to the 
interfacial storage being distinct from bulk storage. In the case of bulk storage, ln	is always 
linear with ln ' (cf. reference [5]). However, ln vs. ln ' in Figure 2.7(a) is bent in the rigid-
layer dominated storage regime, simply because the exponential function in (2.15) enters the 
game.  
  
2.3.1.4 Quantitative discussion of parameter variations 
The thermodynamics of interfacial storage, as illustrated in Figure 2.7, is dependent on the 
properties of the constituting phases α and β. To apply the model to different materials, it is of 
interest to evaluate how the material parameters influence the storage and defect chemistry.  
Table 2.2 lists the parameters used in Figure 2.7. Among the listed parameters, the dielectric 
constants and mass action constants are directly related to phase α and β. In particular,  and  
may vary, from material to material, up to several orders different. In this section, we will 
demonstrate the influence of  and  on interfacial storage.  
The electronic conductivity of phase β monotonically increases with the concentration of 
electronic defects[40], so the variation of   directly influences its electronic conductivity. 
Figure 2.8 shows the voltage-capacity curve when the   value increases by five orders of 
magnitude, which in practice can be achieved by choosing better electron conductors or raising 
the temperature. The corresponding parameters are given in Table 2.3. Although it still exhibits a 
typical S-shape characteristic, the potential jump at the stoichiometric point for the high  
curve is smaller than for the low  one.  
Compared with Figure 2.7, the intrinsically dominated regime for high  case is narrower 
(Figure 2.8a). With the increase of , the intrinsic defect concentrations rise and are closer to 
the intrinsic ionic defect concentration, c.f. Figure 2.7b and 2.8b. Moreover, high  also leads 
to the shrinking of diffusive region because the Debye length of space charge region is inversely 
proportional to the square root of the defect concentration in bulk. The smaller intrinsic and 
diffusive storage regions lead to the dominance of the rigid layer mode. That is, the potential  
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Figure 2.8. Interfacial defect chemistry of ionic conductor/semiconductor contact with higher KB 
than Figure 2.7. (a) Dependence of capacity on metal activity. (b) Defect concentrations versus 
metal activity. (c) The electrostatic potential drop over the interface. The corresponding 
parameters are given in Table 2.3. Compared with Figure 2.7, the intrinsically dominated regime 
is narrower with KB increases. 
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Table 2.3. Physical parameters for the calculation shown in Figure 2.8 
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Figure 2.9. The metal activity versus non-stoichiometry with different KB. The potential jump 
around the stoichiometric point reduces with KB increases. 
 
drop over the interface becomes non-negligible with smaller amount of accumulated charge, as 
shown in Figure 2.8c. Note that the increase of !  does not only enhance the transport, i.e. 
leading to higher conductivity, but also guarantees a thermodynamically favorable storage. For 
given stored charges the potential range for high !  case is smaller (c.f. Figure 2.9). In the 
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electrochemical applications, such as battery and supercapacitor, the working potential is usually 
limited by the decomposition of electrolyte. Therefore, the curve with high  can have a higher 
storage density in a given potential range. An extreme case is when  and  both approach 
very large numbers. One can imagine the potential jump around the stoichiometric point will turn 
to be zero and the curve hence becomes a straight line. This case, which happens for superionic 
conductor/metal contact, will be discussed later.   
 
2.3.2 Weakly disordered ionic conductor / Heavily disordered electronic 
conductor junction 
Let’s move to the case in which the semiconductor is replaced by a good electronic conductor, 
e.g. metal. Although the corresponding voltage-capacity curve still suggests the S-shape 
characteristic, the defect chemistry picture is different (Figure 2.10). In particular, one may 
notice for large storage 0 >  0 , which is obviously unreasonable because the space 
charge layer of phase C is wider than of phase D.  
The discrepency is illustrated in Figure 2.11. Due to the global charge concervation, the total 
charge on the left side should be equal to the right side. The screening lengths, however, are very 
different. Here we take the monolayer approximation for the metal, i.e. a step function profile. 
The electron concentration # = 0$ is hence equal to   = '	 , where 9  is the layer 
thickness. On the other side of the ionic conductor, the concentration is a Gouy-Chapman profile. 
The continuous function cannot strictly apply if we take the atomic structure into account. 
Although the electrochemical equilibrium need to consider the outmost surface concentration, 
the effective ionic defect concentration should refer to the position at @, i.e.  = @, rather 
than  = 0.	 In Figure 2.11 the situation   = 0 > # = 0$ >  = @ reaveals 
the realistic case of ionic conductor/metal contact. An improvement here would require a 
discretization calculation, c.f. [39]. The detailed discussion is out of the scope of the present 
work. Finally, it is worth mentioning that the contact of superionic conductor/semiconductor is 
conceptually similar to the case described above as long as we swap the results of the ionic and 
the electronic defect species.  
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Figure 2.10. Interfacial defect chemistry of ionic conductor/metal contact. The input parameters 
are listed in Table 2.4. 
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Table 2.4. Physical parameters for the calculation shown in Figure 2.10 
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Figure 2.11 Schematic of the simplified model of an ionic conductor/metal contact. The radius 
of ion denotes as r.  
 
2.3.3 Heavily disordered ionic conductor / Heavily disordered electronic 
conductor junction 
The last situation is the contact of a heavily disordered ionic conductor and a heavily disordered 
electronic conductor, e.g. superionic conductor and metal. The disappearance of diffusive layers 
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forces us to use the single layer model for both sides. For the sake of simplicity, the saturation 
effects and interactions are ignored here.  
As introduced earlier in section 2.3.1.4, the shape of the titration curve (i.e. ln &  vs. ') is 
actually determined by the value of  ! and !. An extreme case is reached when both ! and ! are huge numbers, which refers to a straight line in Figure 2.13. Such high ! and ! thus 
leads to the relation & ∝ '
#$, indicating that the intrinsic concentrations are difficult to be 
altered by the titration. Note that the maximal ! (or !) refers to the total available sites (or 
states).  
 
Figure 2.12. The metal activity versus non-stoichiometry for superionic conductor/metal 
contact. .  
 
2.4  Discussion 
The electrochemical devices, such as batteries and supercapacitors, are vital for energy storage 
research. For batteries the nonstoichiometric variations mostly occur in bulk phase while they 
suffer from the sluggish mass transport rate. Since the mass transport is the rate-determining step 
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for storing mass (e.g. chemical diffusivity of Li in Li-battery electrode is on the order of 10-10 
cm2/s), enormous studies have tried to confine the size of the electrode materials to enhance the 
rate performance. (The diffusion time is inversely proportional to the square of diffusion length.) 
On the other hand supercapacitors, storing charges at the electrode/electrolyte interface by 
applying an electric filed, exhibit fast charge/discharge rate but the nonstoichiometry of the 
electrode is invariant. That is, the electrodes only serve as electron source (or sink), but the 
stoichiometric variations, involving both ions and electrons, do not change.  
In the study our job-sharing mechanism apparently builds a bridge between these two classic 
concepts. Early work by Kimura et al.[45] reported that at the AgBr/graphite interface the 
double-laer capacitance is a function of equilibrium potential (vs. Ag/Ag+). The tendency of the 
potential-capacitance curve (a S-shape characteristic if we replot ln'  vs. ) is in agreement 
with our model of ionic conductor/metal case. This is realized because AgBr is a typical Frenkel 
disorder conductor and graphite is a good electronic conductor. However, systematic studies 
bridging the theoretical treatment and experiment are still lacking. In the next two chapters we 
will quantitatively demonstrate that the job-sharing mechanism is able to store metal (Li and Ag) 
in a composite materials consisting of two phases that both cannot store the metal individually.  
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3 
Experimental Evidence I: 
Lithium Storage and Removal at LiF/Ni Interface 
 
As chapter 2 has comprehensively introduced the theoretical background of interfacial storage, in 
this chapter the experimentally investigation of the non-stoichiometry of Li at heterogeneous 
LiF/Ni junctions will be described. The model system is selected because neither LiF nor Ni 
could store Li by itself. The LiF/Ni nanocomposites are synthesized via electrochemical method. 
The dependence of equilibrium potential and storage capacity shows that the results are 
consistent with the developed model. Moreover, the stoichiometric variation covers Li excess 
and deficiency, indicating the possibility of both reversible Li addition and removal at the 
heterogeneous junctions.  
The interfacial effect turns out to be particularly vital for nanocrystalline electroactive materials 
which have been widely used in batteries. Since the crystalline materials consist of bulk and 
boundary zone, it is fundamentally important to unify conventional bulk storage and the 
interfacial storage. The chapter allows for a generalized storage picture of electrode materials.   
 
3.1 Introduction 
Li-based battery is the core technology for portable devices and electric vehicles. As far as 
higher capacity and power density are concerned, the study of storage mechanisms has aroused 
great attention. The thermodynamics of electrochemical lithium storage is connected with the 
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defect chemistry of solids [5] (cf. Chap. 1). The dissolution of lithium in single phases, usually 
called intercalation, is a most common storage mechanism. The storage of lithium, comprising 
storage of two charge carriers (Li+ and e-), is located in the lattice of host materials. The second 
mechanism involves the transition between two phases, such as LiFePO4/FePO4 [46]. As long as 
Li storage involves variation of phase fraction rather than variation of stoichiometry, a voltage 
plateau is characteristic of this mechanism. Another similar but more complicated mechanism is 
the conversion reaction. This mechanism involves at least three phases and is met, for instance, 
when a transition metal oxide is converted to the nanocrystalline composite of Li2O and the 
metal [15]. Besides the voltage plateau like for two phase systems, another characteristic of this 
mechanism is the additional capacity obtained after the conversion reactions has completed. The 
extra storage is not only substantial but it can be partly reversed when charged at high current. 
The details of such unusual finding are still under debate. Reasonable interpretations include in-
situ polymer/gel film growth during lithiation [47] or generation of Li2O and LiH [48]. Both 
interpretations involving the decomposition of liquid electrolyte seem plausible but have 
difficulties in explaining the good rate performance. Jamnik and Maier [13] proposed that the 
excess lithium could be heterogeneously stored at the interface of Li2O and metals, the 
thermodynamic principle dating back to reference [49]. (Here the metals only refer to those not 
alloying with lithium, e.g. Cu, Ru, etc.) Since neither Li2O nor metal could store lithium alone, it 
only happens in a “job-sharing” way: Li+ resides on one side of the interface in Li2O (which 
accommodates Li+ but not e-) while e- resides on the other side in metal (which accommodates e- 
but not Li+); therefore, lithium is locally stabilized at the interfaces of the composites. Owing to 
individual pathways for Li+ and e-, the job-sharing mechanism is proved to show fast storage and 
may build a bridge between a supercapacitor and a battery electrode 
Interfacial storage of nanocomposites has been observed in M/Li2O or M/LiF, where M stands 
for electron conductor (e.g., metal or semiconductor) that does not alloy with lithium [16, 20, 21]. 
Density functional theory (DFT) calculation supported that the mechanism is thermodynamically 
favorable in both systems, with the storage in M/Li2O being more substantial than M/LiF [22, 
23]. The electrochemical reactions of a variety of metal oxides and metal fluorides were 
investigated by Li et al.[16]. The conversion reaction of metal fluorides normally occurs at 
higher potential than metal oxides. To eliminate the interference of side reactions, e.g. the 
decomposition of liquid electrolyte that in particular becomes severe at low potential, here we 
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choose LiF/Ni nanocomposites as model system. We will perform a series of electrochemical 
studies and explained them in the framework of a thermodynamic model based on Chapter 2.  
 
3.2 Materials and Methods 
Nickel fluoride powder was purchased from Alfa Aesar (99%). For the electrochemical 
characterization, two electrode Swagelok type cells were assembled in argon filled glove box. As 
the working electrode, NiF2 was first mixed with 10 wt.% carbon black, and then the mixture 
was mixed with a solution of poly(vinyl difluoride) (PVDF) in N-methyl-2-pyrrolidone (NMP) at 
the weight ratio of 92:8. The slurry was pasted on titanium foil (99.6%, Goodfellow) followed by 
drying in vacuum at 80 °C overnight. Pure lithium metal (Aldrich) was used as the counter 
electrode. The electrolyte was 1M LiPF6 in ethylene carbaonte/dimethyl carbonate with the 
volume ratio of 1:1. Whatman Glass fiber (GF/D) was employed as the separator. The 
electrochemical measurements were performed at room temperature on an Arbin MSTAT system. 
Structure and crystallinity were characterized by X-ray diffraction (XRD) using a Philips 
PW3710 (40 kV/30 mA) with Cu-Kα radiation. High resolution transmission electron 
microscope (HRTEM) was carried out using a Philips CM30 ST (300 kV). Prior to XRD and 
HRTEM characterizations, the Swagelok type cells were dissemble in argon filled glove box and 
the electrodes were washed using anhydrous dimethyl carbonate.    
 
3.3 Results 
LiF/Ni nanocomposites were prepared by an electrochemical conversion reaction from lithium 
and NiF2.  
NiF2 + 2Li ⇋ 2LiF + Ni 
Early works reported that a complete electrochemical insertion of lithium into transition metal 
fluoride can form a nanocomposite in which LiF is dispersed with transition metal on an atomic 
or nanometer scale [16, 21]. 
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Figure 3.1. Galvanostatic discharge (C/10) curve vs. Li/Li
+
 for NiF2 
 
Figure 3.1 shows the electrochemically lithium insertion into NiF2 by a galvanostatic discharge 
on the battery. A plateau at 1.4V is an indication of a three-phase reaction regime where NiF2 is 
continuously decomposed into Ni and LiF. If neglecting size effects, the theoretical potential of 
the plateau is 3V [16]. The high overpotential, probably due to the high energy barrier for 
nanocrystalline LiF/Ni nucleation, is commonly observed for conversion reactions [50]. The 
phase evolution on lithiation can be characterized by ex-situ x-ray diffraction (XRD). As shown 
in Figure 3.2, NiF2 decreases with increase of lithium content and mostly disappears after 2 Li. 
On the other hand, Ni and LiF appear upon lithiation and a broad hump forms around 2θ=44.5° 
in the XRD pattern, indicating amorphous or nanophase formation. For some metal oxides such 
as RuO2, an intermediate phase (LiRuO2) is formed and involved in the phase transitions [20]. 
Yet the XRD pattern in Figure 3.2 does not show any intermediate phase and hence LiF/Ni is 
directly converted from NiF2. In order to get insight into the nanocomposite, high resolution 
transmission electron microscope (HRTEM) was performed for the insertion of 2.2 Li (Figure 
3.3), where the conversion reaction is definitely complete. It shows that the grain size is around 
1-2 nm, similar to other transition metal fluoride systems [16, 21]. Such structure is kinetically 
favorable for lithium insertion/extraction, and the large contact area of Ni/LiF is suitable to study  
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Figure 3.2. Ex-situ XRD for different lithium content during electrochemical synthesis of LiF/Ni. 
Titanium foil was used as current collector.  
 
Figure 3.3. HRTEM image of LiF/Ni nanocomposites, synthesized after 2.2Li on NiF2. The 
grain size is 1-2nm. SAED pattern confirms no NiF2 remaining after 2.2Li. .  
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interfacial storage mechanism. In addition, selected area electron diffraction (SAED) pattern 
confirmed that there is no NiF2 remaining at 2.2 Li.  
A thin surface film (about 5 nm) is observed around the particles. This attributes to the solid 
electrolyte interface (so called SEI), which is a passivation layer that forms at 
electrode/electrolyte contact at low potential. The SEI is believed to be ion-conducting but 
electron-blocking. Although detailed compositions are not fully clear yet, it may consist of 
inorganic components reacted from the salts and organic components reduced form the solvent 
of electrolyte [51]. The SEI growth depends on the surface chemistry of the electrode/electrolyte 
interface. It mostly forms during the first cycle and is actually a result of electrolyte 
decomposition leading to irreversible lithium storage. Literature has reported that the SEI 
formation typically occurs below 0.8V [51, 52] but is also possible at higher potential with the 
existence of nanometals [53]. Another side reaction that may occur is the formation of LiH, 
recently proposed by Hu et al [48]. They claimed the reaction, due to the absorbed water on the 
electrode surface, takes place of an equilibrium potential of 0.89V. To exclude the interferences 
from the above side reactions, NiF2 was chosen as model material because the potential of NiF2 
conversion reaction (1.4V shown in Figure 3.1) is far away from the range of LiH formation 
reaction. Cyclic voltammetry in Figure 3.4 displays the reversibility of LiF/Ni nanocomposite. 
The oxidation peak at 2V in first cycle is likely attributed to electrolyte decomposition [53], and 
it is greatly diminished after three cycles. The following cycles indicate lithiation/delithiation to 
be fully reversible between 1.5-2.6V. The voltammetry without obvious redox peaks is 
analogous to the characteristics of a supercapacitor [54]. Since the electrode particles are 
surrounded by SEI film which blocks electrolyte, the charges stored in the system are mostly at 
the solid/solid (LiF/Ni) rather than the solid/liquid (Ni/electrolyte) contact. All in all, the above 
side reactions that may occur in parallel with interfacial storage can be eliminated or 
significantly reduced if we choose suitable experiment conditions.  
The LiF/Ni nanocomposite was synthesized by inserting 2.2Li into NiF2. Before any further 
lithiation, the system was rested for 5 days to reach equilibrium. During the rest period, the 
potential gradually relaxed to about 1.8V, which we assigned as upper limit of cycling. Figure 
3.5a and 3.5b show that the slow discharge/charge (3mA/g) between different potential ranges  
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Figure 3.4. Cyclic voltammetry for LiF/Ni nanocomposites, synthesized after 2.2Li on NiF2 and 
rested for 5 days. The scan rate is 0.1mV/s. 
 
are fully reversible except the first cycle. To collect most reversible data, the 10
th
 cycle of each 
potential range was taken for the following analysis.  
According to the discussion in Chapter 2, the job-sharing storage contains three regimes: 
intrinsically dominated mode, diffusive-layer dominated mode, and rigid-layer dominated mode. 
If we ignore the first mode that only covers marginal capacity, the analytical solution can be 
simplified as follows 
&% 	∝ 	'	#$ 																																																						3  1 
where &% is the lithium activity and ' stands for capacity per unit mass. The interpretation of 
the two physical parameters: (i) the power number > , varing with different ionic 
conductor/electronic conductor situations, and (ii) the pre-factor ?, reciprocal of the space charge 
capacitance, requires a full understanding of the interfacial defect chemistry. 
By plotting ln'  versus equilibrium potential (5 ) (see Figure 3.5c), we can explore the 
dependence of interfacial storage on lithium activity. The storage process could be discussed in 
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different regimes. In the trivial capacity regime (less than 1mAh/g, about 1.7-1.8V), ln 'increases rapidly with decreasing 5. The dramatic change of the dependence is due to the 
stored capacity being too marginal. Taking into account the resolution of the electrometer and 
other experimental uncertainties, it is difficult to quantitatively analyze the curve in the region. 
Nevertheless, the tendency of the discharge curve is very similar to the intrinsically dominated 
storage curve that we predicted in Chapter 2.  
 
 
Figure 3.5. (a) LiF/Ni nanocomposites were synthesized after 2.2 Li on NiF2 and rested for 5 
days to reach equilibrium. Except 1
st
 cycle, discharge/charge curves between 1.83-1.3V are 
highly reversible. (b) The discharge/charge cycles are highly reversible. (c) Dependence of 
lithium excess storage on lithium activity (10
th
 cycle). (d) Dependence of E + 4RTln(')/F on 
interfacial storage. 
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Now we extend the analysis to lower potential regime in Figure 3.5c where the capacity becomes 
perceptible. First, the diffusive layer dominated mode is highlighted when the capacity is not so 
pronounced. The power law of '(  and   varies, depending on the nature of electronic 
conductor, from n = 2 (as weak metal) to n = 4 (as semiconductor). Although metallic Ni is 
produced by conversion reaction of NiF2, we cannot exclude the possibility that some of the Ni 
were oxidized in contacted with the electrolyte thereafter. The complexity of the system makes 
an accurate analysis challenging. However, in any case the value of the power in diffusive layer 
dominated storage should be between 2 and 4. In Figure 3.5c, a straight line starting from the 
origin of y-axis (i.e.  is 1mAh/g) is observed, and the exponent is calculated to be 3.97, which 
nicely fits in the predicted range of the model. Similar results were reported for Li2O/Ru systems 
recently [24]. Both systems show that the developed model is in good agreement with 
experimental results and independent of the specificities of materials.  
When the capacity becomes more considerable, the electrostatic part starts playing an important 
role. Thus, the power law deviates from diffusive-layer dominated storage behavior. To extract 
more physical properties from the discharge curve, we use the same approach as given in our 
paper [24]. The γ value (reciprocal of the space charge capacitance) of the rigid double layer 
could be obtained if we plot E + nRTln()/F vs. . Here n is the power value retrieved from 
diffusive layer dominated storage. Figure 3.5d suggests that the curve linearizes with a γ value of 
0.65, which again nicely fits the anticipated magnitude of our model. (The γ value is expected to 
be on the order of 1 g/mAh, when using reasonable values of s, , and grain size of the 
composite. See more details in reference [24] or Appendix III.) Note that the linear fitting 
deviates from the curve when capacity is small because the n value 3.97 is not applicable for the 
intrinsic storage mode.  
Another method to obtain these physical parameters is directly fitting the discharge curve. Figure 
3.6 shows that the fitting curve conforms with the discharge curve except the region  ≤ 1 
mAh/g. The deviation is mainly because equation (3-1) does not take the intrinsically dominated 
storage mode into account. The obtained physical parameters E =3.25 and 7 =0.74 g/mAh are in 
agreement with the above discussion.  
So far, we have explored the lithium excess storage of LiF/Ni nanocomposites. For this system, 
an inverse process, via forming lithium deficiency (( ,	ℎ•), appears to be thermodynamically 
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favorable as well. Like other lithium halides, LiF exhibits Schottky disorder and hence 
intrinsically forms lithium and fluoride vacancies, while the former is reported more mobile than 
the latter, characterized by nuclear magnetic resonance (NMR) techniques [55, 56]. On the other 
hand, Ni is a neutral transition metal that may serve as either electron accepter or donor, at least 
on the first layer. These physical properties may cause LiF/Ni to be a good model system for 
studying lithium removal in the composite materials.    
 
Figure 3.6. Comparison of the discharge curve in Figure 3.5a and the corresponding linear 
fitting. 
 
Figure 3.7. (a) Lithium removal for LiF/Ni nanocomposites. The synthesis is as same as 
described in Figure 3.5a. (b) Experimental data and fitting of the dependence of lithium 
deficiency on lithium activity (10
th
 cycle). 
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LiF/Ni nanocomposites were again synthesized via conversion reaction of NiF2 and relaxed for 5 
days (Figure 3.7). Instead of discharge, the system was directly charged and then slowly cycled 
(3mA/g) between different potential ranges. Note that the upper limit should not be above the 
equilibrium potential of conversion reaction, i.e. 2.96V [16]. Otherwise, the LiF/Ni composite 
will be back-converted to nanocrystalline NiF2.   
The charge/discharge processes are fully reversible except the first cycle. To analyze the lithium 
removal in LiF/Ni composites, we adopted the data from the 10th cycle. The fitting curve with 
equation (3-1) turns out to be in a good agreement with the experimental data except the 
marginal storage region where the intrinsically dominated mode is dominant. Taking account of 
the complexity of the system, the extracted parameters n and γ, 3.01 and 0.84, are close to those 
for lithium excess storage. This indicates that for LiF/Ni nanocomposites both lithium excess and 
deficiency are feasible. More importantly, the comparable values of n and γ suggest that the 
storage mode relies on the physical properties of the interface rather than the operating potential 
range in which different side reactions may take place.  
Since γ (reciprocal of double layer capacitance) is linearly proportional to the contact distance, it 
is expected that γ increases upon forming lithium vacancies at the interface. If we assume that a 
monolayer of lithium is removed and hence the average contact distance extends, it is 
understandable why the γ value slightly increases on increasing deficiency.  
 
3.4 Discussion 
The interfacial storage has demonstrated the significance of space charge effects for mass storage. 
In addition to fundamental research, it also raises the interest for energy storage applications. 
Almost all battery electrode materials are ionic crystals with mixed electronic-ionic 
conductivities. As the crystal grains consist of bulk and boundary zones, the mass storage is 
composed of bulk and interfacial contributions. Figure 3.8 illustrates the charge carrier 
distributions at the boundary of a lithium electroactive material. For ionic materials, the 
interfacial and bulk properties are strongly correlated. For instance, the thickness of the space 
charge layer is inversely proportional to the square root of the charge carrier concentration in 
bulk phase [57]. At small lithium content, the low bulk concentration leads to a broad space 
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charge layer (Figure 3.8a). With the increase of lithium storage, both bulk and interfacial storage 
increase but the space charge thickness is shirked due to the rise of bulk concentration (Figure 
3.8b).   
To analyze the contributions from the bulk and from the interfacial zone, it is straightforward to 
compare the corresponding '( −  relations. For the storage in bulk phase, '( is proportional to 
the square of capacity [4] while for the storage in boundary region, the dependence of '( varies 
with different storage modes. Whether in diffusive or rigid layer dominated modes, it follows the 
same tendency: at low storage the interfacial capacity exhibits higher degree of influence. At 
high storage, although the interfacial and bulk capacity both increase, the former becomes less 
relevant.  
It is also worth mentioning that the space charge region in Figure 3.8 is key to kinetic and 
transport properties. The incorporation of Li+ and e- into electroactive materials relies on charge 
transfer reactions and Li transport. On one hand, the Li+ accumulation layer could increase the 
rate of charge transfer reaction, because Li+ serves as the reactant species. On the other hand, Li 
transport along the interface also benefits from rapid Li storage. Since the ionic conductivity is 
proportional to the charge carrier concentration [40], a significant enhancement of local 
conductivity at the interface is expected.  
 
 
Figure 3.8. Sketch of Li storage in a nanocrystalline electroactive material which can store Li in 
bulk and subsurface. (a) Small storage and (b) large storage. Figure is taken from [24]. 
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The interfacial effects on kinetic and transport aspects turn out to be particularly important for 
nanocrystalline materials. This is not only due to the short diffusion length in the bulk of the 
nanocrystals but also due to the high impact of space charge effects taking place on the large 
surface area. These highly favorable factors in kinetics and transports enable nanostructured 
materials to offer efficient and fast storage techniques. Examples with excellent rate performance 
in Li batteries have been recently reported for nanocrystalline TiO2 [58] and MoS2 [59].  
 
3.5 Conclusion 
This chapter presents experimental evidence to support the developed storage model in chapter 2. 
The model system LiF/Ni nanocomposite has been electrochemically synthesized via conversion 
reactions. As neither LiF nor Ni could accommodate Li alone, the LiF/Ni composite is a good 
candidate for studying the stoichiometric variation at space charge layers. Based on the 
dependence of the equilibrium potential on storage capacity, the experimental results are in a 
good agreement with the developed model. The stoichiometric change covers different regimes 
and the extracted parameters n and 7  are physically reasonable. More excitingly, the 
nonstoichiometry range covers not only Li excess but also Li deficiency. It suggests that Li can 
be reversibly added or removed in the LiF/Ni junctions.  
The finding is important for a complete understanding of conventional storage mechanism. As 
ionic materials contain bulk and boundary zones, it is necessary to unify both bulk and space 
charge storage, in particular for nanocrystalline electrodes. The space charge effects play a key 
role in storage, charge transfer, and mass transport aspects. As we will show in the next chapter, 
the novel mechanism is able to push mass transport rates to expectedly high level. 
 4. Silver Storage and Removal at RbAg4I5/Carbon Interface 
50 
 
 
 
 
4 
Experimental Evidence II: 
Silver Storage and Removal at RbAg4I5/Carbon Interface 
 
In this chapter we will continue to experimentally investigate the interfacial storage. The chosen 
model system is the RbAg4I5/carbon junction, whereby RbAg4I5 is a superionic conductor and 
carbon a good electronic conductor. The fabricated silver all-solid-state batteries clearly suggest 
distinct stoichiometric variations in the RbAg4I5/carbon composites used as electrodes. The full 
picture of defect chemistry includes four regions: I2 liberation, Ag deficiency, Ag excess, and Ag 
deposition. Unlike stoichiometric variation in conventional mixed conductors, here the 
deficiency and excess are established in a job-sharing way. That is, Ag deficiency is realized by 
vacancies on the RbAg4I5 side and holes on the carbon side while Ag excess is realized by 
interstitials on RbAg4I5 and electrons on carbon. 
Equally exciting as the finding of a compositional variation is the kinetics. The storage/removal 
process has highly favorable kinetics. The obtained mass transport rate is bounded by the 
ambipolar interfacial diffusion. As interpreted by the heterogeneous diffusion model, the 
enormous chemical diffusion coefficient is attributed to the very low chemical resistance and the 
very low chemical capacitance. Moreover, electrochemical applications including permeation 
membranes, battery electrodes, and supercapacitors will be demonstrated.   
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4.1 Introduction 
Solid state ionics is the scientific discipline concerned with the motion of ions in the solid state. 
It started with the work by Michael Faraday, who discovered the ionic conductivity of high 
temperature solid electrolyte Ag2S and PbF2 in 1834 [60]. Several decades later Walther Nernst 
[61] elucidated a theory that enables one to predict the equilibrium potential of a galvanic cell. 
His famous Nernst equation marks not only the foundation of solid state ionic but also that of 
modern electrochemistry. In the early 20th century another big step forward was made by Frenkel, 
Schottky, and Wagner [62, 63]. They developed the thermodynamics of point defects in ionic 
crystals, which later became the core of the study of defect chemistry. In the 1970s, Liang [25] 
discovered that the ionic conductivity of LiI could be increased by orders of magnitude by 
mixing some amount of insulating material Al2O3. The anomalous increase of the conductivity, 
later realized by the space charge effects in the nanosized systems, is the beginning of nanoionics 
[64]. The study of nanoionics turns out to be very important today as nanomaterials are 
extensively used in many applications such as fuel cells, batteries, and sensors [65]. 
The job-sharing storage concept expands the space charge effect from charge transport to mass 
storage. Chapter 3 has illustrated that, by choosing LiF/Ni nanocomposites as a model material, 
the experimental evidence nicely agrees with the developed model. In this chapter, we will show 
another experimental corroboration using Ag all-solid-state batteries. As we are able to vary the 
ratio of ionic conductor/electronic conductor in the composites, it can directly be proved that the 
storage is related to the contact area. More importantly, the solid electrolyte could avoid 
passivation layer formation that usually occurs in liquid electrolyte systems. 
The solid electrolyte is the key component of the all-solid-state cells. One breakthrough of solid 
electrolyte development was the discovery of superionic conductors. In 1914, Tubandt and 
Lorenz [66] observed that the ionic conductivity of AgI increases by three orders of magnitude 
above 147oC even though it is a weak ionic conductor at low temperature. As later suggested by 
the structural analysis [67], the unprecedented ionic conductivity (≈1S/cm) is due to a phase 
transition from wurtzite to body-centered cubic; in the latter form AgI could provide 42 available 
sites for 2 silver ions in the cubic unit cell. The large number of available sites therefore causes 
Ag+ to move “freely” within the lattices. In the 1960s, two groups [68, 69] simultaneously 
developed a new family of superionic conductors, in which RbAg4I5 exhibits the highest ionic 
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conductivity at room temperature. Like the high temperature phase AgI, the structure of RbAg4I5 
is also cubic and it provides 56 available sites for 16 silver ions in a unit cell [70].  
In this chapter RbAg4I5 is used not only as electrolyte but also as the component of the working 
electrode. RbAg4I5/carbon is selected as our model system to investigate the case of superionic 
conductor/weak metal junction. As introduced in Chapter 2, the prerequisite of mass storage 
needs both adequate ionic and adequate electronic charge carriers. Due to its extremely low 
electronic defects [42], RbAg4I5 is thermodynamically unable to accommodate Ag, i.e. Ag
+ and 
e- . On the other hand, carbon is the most common electrode materials used in sustainable energy 
applications [71]. In lithium batteries, for instance, graphite can accommodate lithium via the 
intercalation reaction, i.e. lithium being located between the graphene layers linked by van der 
Waal bonds. The intercalation mechanism, however, is not applicable for storing silver [72], due 
to the large size of silver atom.  
Another concern worth mentioning is that there is no indication of under-potential deposition 
(UPD) at the RbAg4I5/carbon contact. Here UPD refers to the electrodeposition of silver above 
0V vs. Ag/Ag+. Typically such a mechanism involves Ag monolayer adsorption on the metal (e.g. 
Pt) surface [73], as a result of strong interaction between Ag and the metal. The readers should 
not confuse the proposed job-sharing storage with the UPD, although they both seem to occur on 
the electrode surfaces. For the former the metal ions and the electrons locate in difference phases 
(no neutral metal precipitation) while for the latter both charge carriers are in the same phase 
(presence of neutral metal). Hull et al. [74] studied the double layer capacitances of the interface 
of AgI in contact with graphite or Pt. The capacitance of AgI/graphite interface is independent of 
the potential over the range of -0.03~0.46 V (vs. Ag/Ag+), indicating a pure double-layer 
behavior. In contrast, the AgI/Pt interface behaves like an ideal reversible system involving UPD. 
Their conclusion was confirmed in other silver halides or silver alkaline halides systems [75-77].   
In views of the above aspects: (i) neither RbAg4I5 nor carbon could store Ag in the bulk phase 
and (ii) no indication of UPD at the RbAg4I5/carbon interface. The composites of 
RbAg4I5/carbon are chosen as model material for studying the job-sharing storage mechanism. 
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4.2 Materials and Methods 
4.2.1 Synthesis of RbAg4I5 and RbAg4I5/Carbon composites 
RbAg4I5 was synthesized by melting a near-stoichiometric mixture (83:17mol%) of AgI (Sigma-
Aldrich, 99.999%) and RbI (Sigma-Aldrich, 99.9%) at 450oC for 2 hours, followed by rapid 
cooling. RbAg4I5/graphite composites were first mixed with AgI/RbI and the appropriate amount 
of graphite (Alfa Aesar, 99.9995%) in an agate mortar. (The water content of graphite is less than 
100ppm, according to thermogravimetric analysis.) To improve the RbAg4I5/graphite contact, the 
mixture was melted at 450oC for 10 hours. For composites of RbAg4I5 and multi-wall carbon 
nanotubes (MWCNTs), the procedure was the same except replacing graphite with MWCNTs 
(Sigma-Aldrich, 98% O.D. 10nm × I.D. 4.5nm × L 6µm). All syntheses were carried out in dark 
under Ar atmosphere. 
 
4.2.2 Characterization methods 
Structure and crystallinity were characterized by X-ray diffraction (XRD) using a Philips 
PW3710 (40 kV/30 mA) with Cu-Kα radiation. Scanning electron microscopy (SEM) analysis 
was performed using a Zeiss Gemini DSM 982 scanning electron microscope. The nitrogen-
adsorption and desorption isotherms were measured using an Autosorb-1 system (Quanta 
Chrome). Transmission electron microscopy (TEM) was performed with a Phillips CM30 ST 
(300 kV, LaB6 cathode). Thermogravimetry was carried out with Netzsch STA449C Jupiter TG. 
 
4.2.3 Wetting experiment 
Synthesized RbAg4I5 was melted on highly oriented pyrolytic graphite (HOPG, NT-MDT, ZYB) 
surface. To obtain a smooth and clean surface, before the wetting experiment the top side of 
HOPG was cleaved by using scotch tape. The experiments were performed under the same 
conditions as described in section 4.2.1.   
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4.2.4 Electrochemical experiment 
The prepared RbAg4I5 and RbAg4I5/graphite composites served as solid electrolyte and cathode. 
A mixture of silver powder (Sigma-Aldrich, 99.9%) and RbAg4I5 in the weight ratio of 4:1 was 
used as anode. Powder compacts of each cell component were uniaxially pressed into 5mm 
diameter pellets at 35 MPa for 1 minute. Graphite pellets are difficult to prepare by cold-pressing, 
hence graphite rods (Sigma-Aldrich, 99.999%) were used instead. Platinum foil and Ag foil were 
employed as cathodic and anodic current collectors, respectively (Figure 4.1). After assembling 
all the components, the batteries were placed in gas tight quartz setups. To reduce the contact 
resistance, the cell was slightly spring-loaded. Under Ar atmosphere, the electrochemical 
experiments were performed in dark at 25
o
C on an Arbin MSTAT system.   
 
 
Figure 4.1 Apparatus of electrochemical experiment. Ag and Pt foil are anodic and cathodic 
current collector, respectively. The cell is sandwiched between the two foils.  
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The coulometric titration experiment (i.e. galvanostatic intermittent titration technique, GITT) 
consists of a series of current pulses, followed by an equilibration period. Then constant currents 
for specific intervals of time were applied. Depending on the volume ratio, the time intervals 
ranged from 30 seconds to 3 minutes for RbAg4I5/graphite composites (10
-5A/g) and from 3 to 5 
minutes for RbAg4I5/MWCNTs composites (10
-4A/g). After switching off the current, the open 
circuit potential was measured until the system has reached equilibrium. The equilibration time 
typically ranged from 15 to 30 minutes.  
For the extremely slow galvanostatic charge/discharge on pure RbAg4I5, a very small constant 
current of 4 × 10-10Ag-1 was supplied by Keithley 220 current source. The potential was 
measured by Keithley 6514 electrometer.   
Besides battery cells, all-solid-state supercapacitors were fabricated by sandwiching a RbAg4I5 
pellet in between two RbAg4I5/graphite composite pellets. The preparation methods and the 
pellet sizes were the same as mentioned earlier. Platinum foils were used as current collectors.  
For the rate evaluation the electrochemical cells (i.e. batteries and supercapacitors) were tested in 
Swagelok type cells. The assembling was done in argon filled glove box. The electrochemical 
impedance spectroscopy was conducted by Voltalab PGZ402 impedance analyzer with 5mV 
signal amplitude. The frequencies ranged from 105 to 0.01 Hz. The relaxation time of the 
supercapacitor was obtained by analyzing the frequency dependence of the real and imaginary 
part of the complex capacitance [78].  
 
4.2.5 Electrical Characterization  
The samples were pressed into 5mm diameter pellets under same pressing conditions as 
described above. Conducting platinum electrodes (about 400 nm thick) were sputtered onto the 
both sides of the pellets. The impedance measurements were carried out using a Novocontrol 
Alpha-A High Performance Frequency Analyzer at frequencies ranging from 10 MHz to 0.01 Hz.  
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4.2.6 Ag permeation experiment 
Ag2S (Sigma-Aldrich, 99.9%), Ag2Se (Sigma-Aldrich), and RbAg4I5/graphite composites were 
used as working electrodes. The anode, electrolyte, anodic current collector, and the pressing 
conditions were the same as for the electrochemical experiments. The sensor probe was similar 
to the electronic probe used in reference [79]. The length of the working electrode was about 2-3 
mm. Pt wire was wrapped around the working electrode bar. The position of the Pt wire was in 
the center of the bar.  
 
Figure 4.2. Permeation experiment. (a) Electrode components. (b) Schematic of cell 
configuration before Ag contact and (c) after Ag contact.  
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The electromotive force (emf) was measured under Ar atmosphere between Ag anode and the 
working electrode. The emf was very stable, at least for 10 hours. Before starting the permeation 
experiment, the quartz setup was opened and the emf measurement was switched off. An Ag 
pellet was contacted and fixed on the outer side of the working electrode. Then the measurement 
setup was closed and vented with Ar. The process took about one minute. Afterwards, the emf 
was recorded for at least 6 hours.   
 
4.3 Results 
4.3.1 Material Characterization 
Since RbAg4I5 is prepared by melting the stoichiometric mixture of AgI and RbI, the SEM image 
(Figure 4.3) suggests the morphology to be flat and dense. Like silver halides, RbAg4I5 
decomposes to metallic silver upon exposure to light. So the focus time during the SEM 
observation should be as short as possible. The prepared RbAg4I5 pellets exhibit very low ionic 
resistance and the corresponding conductivity are consistent with the literature [80, 81]. 
 
Figure 4.3  SEM image of RbAg4I5. 
 4. Silver Storage and Removal at RbAg4I5/Carbon Interface 
58 
 
 
Figure 4.4 (a) Nitrogen adsorption and desorption isotherm for graphite powder. (b) SEM image 
of RbAg4I5/graphite composites (25% volume fraction of RbAg4I5). (c) XRD for RbAg4I5, 
graphite, and RbAg4I5/graphite composites. 
 
The resulting composite is composed of RbAg4I5 and graphite. According to the nitrogen 
adsorption and desorption isotherm (Figure 4.4a), the BET area of graphite is characterized to be 
4.26 m
2
/g. Figure 4.4b shows that RbAg4I5 is dispersed in the micrograin sized graphite. The 
percolation of heterophase boundary is essential for the storage in the job-sharing composites.  
Phase diagram of AgI-RbI [82] suggests that below 27
o
C RbAg4I5 is thermodynamically unstable 
and decomposes to Rb2AgI3 and AgI, leading to a significant drop of ionic conductivity. 
Fortunately, the kinetics of the decomposition reaction is very sluggish especially in absence of 
water vapor in the air [83]. Thus the prepared samples should be stored in evacuated desiccators. 
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As confirmed in Figure 4.4c, the XRD pattern of RbAg4I5 does not show any indication of 
Rb2AgI3. 
The contact situation of RbAg4I5 and graphite is the key factor for the interfacial storage. To 
further investigate the contact properties, it is necessary to understand the wetting behavior of 
RbAg4I5 on graphite surface. The SEM image in Figure 4.5a suggests that the drop-like RbAg4I5 
on HOPG surface is a nonwetting characteristic. As we will show later, taking the significant 
amount of interfacial storage into account, such wetting behavior is characteristic of Stranski–
Krastanov growth and has been clearly observed for growth of H2O on Pt surface [84]. The 
growth process is characterized by distinct wettability for the first monolayer on the substrate but 
poor wettability for further H2O on this monolayer. For the RbAg4I5/graphite composite, such 
microstructure is indeed observed by TEM: Figure 4.5b shows ultrathin films on the graphite 
surface in between the RbAg4I5 islands. The diffraction pattern further confirms the lattice of the 
film corresponding to cubic structure (as RbAg4I5) rather than hexagonal (as graphite). The 
heterophase percolation is crucial not only for interfacial storage but also for interfacial transport 
because it enables the charge transport along the interface even without bulk percolation. 
 
 
 
Figure 4.5 (a) SEM image for RbAg4I5 on HOPG surface. (b) TEM image for the 
RbAg4I5/graphite composite. 
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To evaluate the influence of contact area on the storage, multi-wall carbon nanotubes 
(MWCNTs), a highly conductive carbon with large surface area, were used to replace the 
graphite. Unlike the microflake-like structure of graphite, Figure 4.6 suggests that the nanofiber-
like structure of MWCNTs results in high BET area 274 m
2
/g, 60 times of the graphite.  
 
 
Figure 4.6 (a) Nitrogen adsorption and desorption isotherm for MWCNTs powder. (b) SEM 
image of RbAg4I5/ MWCNTs composites. (c) XRD for RbAg4I5, MWCNTs, and RbAg4I5/ 
MWCNTs composites. 
 
4.3.2 Thermodynamic study by coulometric titration 
Coulometric titration is a useful technique to study the electrochemical properties of mixed 
conductors. Wagner [8] first employed the coulometric titration in 1953 and reported a reversible 
silver addition/removal for Ag2S. The compositional variation is realized by excess (silver 
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interstitial ions FG

∙  and electrons ) and by deficiency (silver vacancies &$  and electron holes 
ℎ∙). Note that the typical expression representing the compositional variation is Ag2+δS, where 
the positive value of δ stands for silver excess and negative for silver deficiency. Later the 
technique has been generally used in the study of nonstoichiometry of other ionic materials, such 
as lithium [85] and oxide [86] conductors.  
The GITT technique uses a series of current pulses, each followed by an equilibration time. 
Illustrated in Figure 4.7 inset, an open circuit potential of 200mV (vs. Ag/Ag+) is stably shown 
before titration. Upon applying current on the composites, the polarization is characterized by IR 
drop and Ag diffusion [40, 87]. After cutting off the current, the potential relaxes to a higher 
equilibrium potential (234mV). The 34mV potential rise indicates, according to Nernst equation, 
a variation of Ag activity due to the compositional change.  
 
 
Figure 4.7 The coulometric titrations of the RbAg4I5/graphite composite. A current of 10
-5Ag-1 
was applied to the cell for 30 seconds, followed by a cut-off relaxation for 15 minutes. The lower 
limit is bounded by Ag deposition reaction (0V). The titrations are reversible and include both 
silver excess and silver deficiency. 
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In Figure 4.7 an initial potential of 120mV is assigned as equilibrium potential of the 
stoichiometric point.4 The lowering of the equilibrium potential upon each titration stands for the 
addition of silver in the composites. Since neither RbAg4I5 nor graphite could accommodate 
silver excess, it can only happen when FG∙  locates on the RbAg4I5 side of the boundary while  
on the graphite side. The lower limit of the titration is bounded by silver deposition, i.e. 0V. 
Then reversed titrations are performed to remove the additive silver. After up-taking almost same 
amount of excess storage, the equilibrium potential returns to the stoichiometric point, 
demonstrating that the addition/removal process is highly reversible.  
More exciting is that the charging titrations can be continued above the stoichiometric potential. 
It suggests that Ag can be additionally removed from the composites. As RbAg4I5 is the only Ag 
source for removal, it solely happens when &$  is formed in RbAg4I5 with ℎ∙ compensation from 
the adjacent graphite phase. The coupling of  &$  and ℎ∙ is comparable to the Ag deficiency in 
bulk phase.  
The limit of silver removal is bound by the point at which iodide ion oxidizes to iodine, 
corresponding to 670mV (vs. Ag/Ag+) [80]. As shown in Figure 4.7, a complete picture of the 
non-stoichiometry in RbAg4I5/graphite composite has been established. Unlike the conventional 
storage mode where the (positive and negative) extra mass is homogeneously accommodated in 
the bulk phase, Figure 4.8 indicates a heterogeneously mode that enable mass storage in the 
space charge regions. Since both RbAg4I5 and graphite are purely stoichiometric phases, the 
pristine composite has no stoichiometric deviation. Owing to the very low electronic defect 
concentration [42], RbAg4I5 itself does not to tolerate any compositional change. The 
stoichiometric variation only becomes possible in the boundary as long as contact with a good 
electronic conductor, such as graphite. As far as the silver excess is concerned, it can be realized 
by an interfacial defect chemistry situation (Figure 4.8): Ag+ localizes mainly in the rigid layer of 
RbAg4I5 while e
- is injected into the conduction band of graphite, namely, the excess charges are 
accommodated at the interface. Since graphite can exhibit n- or p-type conductivity [88], the 
                                                          
4
 A more precise way to determine the stoichiometric potential is to coulometrically titrate the cell with capacity  
until it reaches a thermodynamically self-defined potential (e.g. 0V for Ag deposition). Then the stoichiometric 
potential can be obtained by removing the additive  via the reversed titrations. In Figure 4.7 the potential at 0s and 
6300s are very close, so we refer the stoichiometric potential to the initial open circuit potential. Note that the 
removal charge, i.e. from 3500 to 5400s, is slightly more than storage charge, i.e. from 750 to 2700s, so the potential 
at 6300s is expected higher than the potential at 0s.    
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RbAg4I5/graphite junction also allows for silver deficiency, which is established by !  on 
RbAg4I5 side and 3∙on graphite side.  
 
 
Figure 4.8 The stoichiometric variation of a RbAg4I5 /graphite composite.
5
 The storage at the 
heterojunctions covers four regimes and in particular the Ag excess and deficiency are illustrated 
by the schematic. 
                                                          
5
 The mean molecular weight is averaged over the composite i.e. weight according to the mole fractions of the two 
phases. 
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More importantly, the rather straight titration curve covering excess and deficiency regions can 
be interpreted by the developed model given in Chapter 2. It suggests the shape of titration curve 
is determined by the mass action constants ! and !. When both ! and ! are very high, the 
titration curve becomes a straight line. This is exactly the case for the junction of a superionic 
conductor RbAg4I5 and a good electronic conductor graphite. Since they both have very high 
charge carrier concentration, the screening length is ultrathin and stored charges distribute in the 
rigid layers of the constituting phase. The intrinsically dominated and diffusive-layer dominated 
modes are negligible and only the rigid layer dominated mode plays a key role in this system. 
The characteristic of E linearity with ' is clearly observed in RbAg4I5/graphite composites. The 
linear behavior also allows us to calculate the double layer capacitance of the composite 
electrode. 
The silver removal is limited by the oxidation of iodide ion to iodine. Although the 
decomposition reaction of pure RbAg4I5 takes place at 0.67V [80], Hull et al. [74] reported that 
monolayer iodine may start forming above 0.46V when AgI is in contact with carbon. Our result 
is agreement with their finding as the titration curve bends at 0.47V.  
 
 
Figure 4.9 Storage capacity of RbAg4I5/graphite composites as a function of volume fraction, 
measured by coulometric titration between 10-400mV.  
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Figure 4.9 shows the dependence of storage on the RbAg4I5/graphite volume fraction. The 
capacity increases with the dispersion of graphite in RbAg4I5. It directly proves the 
nonstoichiometry occurring at the RbAg4I5/graphite contact because the storage reaches 
maximum at about 1:1 volume fraction. Pure RbAg4I5 and pure graphite expectedly show no 
non-stoichiometry (Figure 4.10a, b). To confirm the zero storage capacity of RbAg4I5 being a 
thermodynamic phenomenon rather than a kinetic one due to high overpotentials, the cells were 
charged at an extremely small current. Figure 4.10c shows that the nonstoichiometry of pure 
RbAg4I5 is three orders of magnitude smaller than for the composites. Note that the position of 
the maximum varies if different normalization is used (e.g. coulomb per gram), but the general 
trend remains that the capacity increases with the contact area.  
Unlike conventional battery electrodes where the theoretical capacity is determined by the host 
materials, the maximum capacity in composites is based on the contact area. According to Figure 
4.4, the BET area for graphite power is 4.26 m2/g. Figure 4.9 shows that the maximum capacity 
is found for 40% volume fraction RbAg4I5, corresponding to a weight ratio of 63%. If we assume 
that the surface area is similar in the composite, for such a composite the total surface area of 
graphite is 1.6 m2/g. Conway [54] suggested that the carbon surface can accommodate 0.18 
electron/atom. This is equivalent to 1.8 electron/nm2 if the atom density is taken as 1015 
atom/cm2. As far as RbAg4I5 is concerned, we assume, for an order of magnitude consideration, 
that the surface can accommodate 1 silver atom/nm2, corresponding to 0.16 C/m2. If we assume 
that the graphite surface is almost (so that we still have electronic percolation) completely 
contacted by RbAg4I5, the theoretical maximum storage (i.e. monolayer of Ag) is 1.6 × 0.16 =
0.25 C/m2. Therefore, the experimental maximum capacity in RbAg4I5/graphite composites is 
0.035 C/g, equivalent to 15% of a Ag monolayer.  
Note that the high value of 15% refers to the local compositional change. However, the overall 
nonstoichiometry in Figure 4.8 (≈10-5) is averaged over the composite by taking a mean 
molecular weight. The overall value can be significantly improved by increasing the contact area. 
To explore the influence of contact area on storage, the electronic conductor graphite was 
replaced with multi-wall carbon nanotubes (MWCNTs), because MWCNTs has similar 
crystalline structure of graphite but larger surface area [89]. Figure 4.11 shows that the storage of 
RbAg4I5/MWCNTs composites is also dependent on the volume fraction of the constituting 
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Figure 4.10 Coulometric titrations of (a) pure graphite electrode and (b) pure RbAg4I5 electrode. Upon 
applying a current of 10
-5
Ag
-1
 the potential jumped to below 0V in 1 second, indicating negligible silver 
storage. (c) To confirm that the storage is a thermodynamic phenomenon, a galvanostatic charging with 
an extremely small current of 4 10
-10
Ag
-1
 was performed on pure RbAg4I5. The stoichiometric variation 
is only 3  10, three orders of magnitude smaller than for the composites.  
 
Figure 4.11 Storage capacity of RbAg4I5/ MWCNTs composites as a function of volume fraction, 
measured by coulometric titration between 10-400mV. At low RbAg4I5 volume fraction (<50%) 
densification to pellets was not successful. The point at zero RbAg4I5 volume fraction refers to graphite 
rod rather than MWCNTs. 
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phases while the capacities are orders of magnitude higher than for RbAg4I5/graphite. The 
increase of the maximum storage of RbAg4I5/MWCNTs composites (20 times of 
RbAg4I5/graphite composites) is consistent with the rise of surface area of MWCNTs (60 times 
of graphite). Thus, one can easily expect that the overall storage certainly can be pushed forward 
when the size of the two phases shrink to nano or atomic scale, i.e. mesoscopic mixed conductors. 
Furthermore, the maximum in Figure 4.11 appears at higher volume fraction of RbAg4I5 when 
compared to RbAg4I5/graphite composites. The reason may be attributed to porosity.  
 
4.3.3 Mass transport in job-sharing composites  
Besides the aspect of thermodynamics, the kinetics of the storage process is also fundamentally 
important. As job-sharing storage does not involve the charge transfer reactions that typically 
occur in conventional battery materials, the kinetics of the interfacial storage is highly favorable. 
Thus the rate of process is mainly determined by the rate of mass transport. 
In ionic solids the motion of charge species is driven by the electrical field gradient (migration) 
and concentration gradient (diffusion). To measure the rate of charge carrier movement, several 
techniques have been applied [40, 90, 91]. A typical method is a conductivity experiment that 
drives ions (or electrons) within the solid by passing current through an external circuit. The 
ionic or electronic conductivity thus can be measured if suitable electrodes are selected (cf. 
reversible electrodes, blocking electrodes [92]). Another usual technique is a tracer diffusion 
experiment. It results from spontaneous mixing of isotopes in absence of the concentration 
gradient. The third method is a chemical diffusion experiment in which a species moves by 
virtue of a chemical concentration gradient.  
In ionic crystals the term chemical diffusion specifically refers to ambipolar diffusion. It 
describes that the mass transport of component M needs to consider both the ionic (M+) and 
electronic (e-) motion, coupled through electroneutrality. The theoretical treatment has been 
comprehensively set out in literature [12, 93, 94] and experimental verification has been widely 
demonstrated, e.g. LiCoO2 [95], Ag2Te [96]. 
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Figure 4.12. Schematic of interfacial chemical diffusion 
 
Unlike classic chemical diffusion during which M
+
 and e
-
 move within the homogeneous bulk 
phase, here we propose a novel mass transport mechanism that allows the carriers moving along 
the interface. More specifically, it only refers to the local movement in the space charge region. 
For convenience, we denote the superionic conductor (e.g. RbAg4I5) as phase α and the good 
electronic conductor (e.g. graphite) as phase β (see Figure 4.12).  
As the mass flux of species (@) can be described in terms of the conductivity (A) and the gradient 
of electrochemical potential (BC), (see references [40, 97]), one obtains  
Ion	flux	in	phase	L								@  A B	C&MMMMM																																																			4.1 
Electron	flux		in	phase	R										@"  A" B	C"MMMM	.																																																							4.2 
Owing to charge conservation, the flux of M 
							@  @ 	 @"																																																									4.3& 
and hence 
B	C"MMMM  AA" 	B	C&MMMMM	.																																																				4.3S 
According to the equilibrium reaction in the space charge region,  
&T	U>TVW& ⇄ '	3&Y	L + 	3&Y	R																																							 
the chemical potential of M (C) is equal to the sum of the electrochemical potential of ions and 
electrons  
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		∇	% = 	∇	%)!HHHHH + ∇	%HHHH = ∇	%)!HHHHH + I!I 	∇	%)!HHHHH		.																																					(4.4) 
On substituting (4.1) and (4.4) into (4.3), the metal flux can be written as  
J = − 1		 I! I

I! + I ∇	% = −
1		 I! I

I! + I ∇ 	%)!HHHHH + 	 %HHHH .																								(4.5) 
For charged species, the electrochemical potential is composed of the chemical potential (%) and 
the electric potential (), i.e.  
J = − 1		 I! I

I! + I ∇	%! + 	! + % − 																									(4.6) 
where !  and  is the electric potential of ion in phase α and electrons in β, respectively. In 
the classic chemical diffusion situation where the two species are in the same phase, the electric 
potential terms are equal and cancel out (i.e. ! = ). Yet they are unequal in the case of 
interfacial mass transport. Equation (4.6) can be written as 
J = − 1		 I! I

I! + I 	K
L%!L! ∇! + L%

L ∇ + 	
L! − L ∇M											(4.7) 
where !  and  are the overall concentrations of ions and electrons in the outmost layers, and  refers to the concentration of M stored at interface.  
In the case of superionic conductor/good electronic conductor, the space charge layers, where the 
excess ions and the excess electrons are located, are expected to be of atomic scale. As the 
degree of stoichiometric variation of ! , , and  are equal6, it follows 
! =  =  .																																																							(4.8) 
                                                          
6
 The absolute value of  , 	 , and   are not necessarily equal because they are dependent on the intrinsic 
concentration, e.g.  = ∆ + , , where ∆  stands for the stored ion concentration.  
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Substituting (4.8) into (4.7), one can describe the M flux in terms of the concentration gradient of 
M. 
J = − 1		 I! I

I! + I 	N
L%!L! + L%

L + 	
L(! − )L O	∇																				(4.9) 
Compared with the classic chemical diffusion formula [40, 97], the third term in the bracket of 
(4.9) is an additional term and it originates from the electric potential over the interface. 
According to Gauss’s law, the potential drop (! − )  over the interface region is 
proportional to the total stored charge at the interface (cf. reference [32] for more details). In the 
case of a superionic conductor/good electronic conductor, the total stored charge is simply the 
product of excess ion (or electron) concentration and the space charge layer thickness. Since the 
layer thickness and the width of interface region both are assumed to be close to the size of 
atoms, for the sake of simplification we equalize them and assume the corresponding value to be 
the separation distance of atoms (denoted as *). It yields 
! − * = 	*	∆!̅
 	.																																															(4.10) 
Here   ̅is the mean dielectric constant of the composite and ̅
 is the absolute dielectric constant. 
Substituting (4.8) and (4.10) into (4.9), one can write 
J = − 1		 I! I

I! + I 	N
L%!L! + L%

L +
		*	
 O	∇																								(4.11) 
If we express the chemical potential in terms of activity ('), it yields the general formula  
J = −		 I! I

I! + I 	N
1! L ln'!
L ln ! + 1
L ln 'L ln  +
		*	
O∇																		(4.12) 
      
∝ (*)+ 																														∝ (P*)+																																																												 
= −Q* 	∇ 
Note that the third term in the bracket of (4.12) is a constant with regard to concentration and 
thus makes an additional contribution to the chemical diffusion. One may notice that (4.12) is a 
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typical formula of Fick’s law, which describes the proportionality of the molar flux and the 
concentration gradient. The pre-factor is defined as the chemical diffusion coefficient Q*. The 
corresponding equivalent circuit contains two elements: one resistor and one capacitor [98].7 The 
first one, so called chemical resistance (*), is composed of contributions from both ionic and 
electronic conductivities. It determines the permeation rate of a component at steady state. On 
the other hand, the transient behavior is characterized by the other element, the chemical 
capacitance (P* ). It measures the ability to take up or release chemical components such as 
oxygen, hydrogen, lithium, silver etc. Since the equivalent circuit of chemical diffusion contains 
these two elements, the chemical diffusivity Q* is inversely proportional to the product of *P* . 
Equation (4.12) shows the respective definition of * and P*  in chemical diffusion. If the charge 
carrier concentrations are dilute, '! ≈ ! , ' ≈ , it yields a simpler formula. 
J = −		 I! I

I! + I 	 1
1! + 1 +
		*	
2∇																								(4.13) 
  
(*)+																	(P*)+																																																								 
= −Q* 	∇ 
Table 4.1 summarizes the chemical diffusion coefficient in terms of chemical resistance * and 
chemical capacitance P* . Unlike the classic chemical diffusivity where the ionic and electronic 
properties are referring to the same phase, the job-sharing chemical diffusivity benefits from the 
separate properties of constituting phases. Moreover, the chemical capacitance of the job-sharing 
diffusivity has an additional term characterized by the electrostatic force. This term is 
independent of charge concentrations and only consists of several physical parameters. As we 
will show later, it will suppress the chemical capacitance and significantly boost the mass 
transport rate. 
                                                          
7
 If we take a mixed conductor with low ionic conductivity and low electronic concentration as an example, the 
chemical resistance () is approximately 

(


), where  and  are the length and the cross section area. On the 
other hand, if neglecting the activity coefficient, the corresponding chemical capacitance () is 
 !
(). The time 
constant (= ) is the typical formula 
"
. See more details in Appendix IV. 
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Table 4.1: Comparison of chemical resistance (*) and chemical capacitance (P*) of classic 
and “job-sharing” chemical diffusion coefficient.  
 Q* = 		 (*P*)+ 
 (*)+ (P*)+ 
Classic bulk chemical diffusion 
Ag2S, LiFePO4, SrTiO3, etc. 
	 I!	 I	I!	 + I	  1
	  ln
	  ln
	  + 1	  ln
	  ln	  
“Job-sharing” chemical diffusion 
α/β = RbAg4I5/graphite 
I! II! + I	 1
	  ln

	  ln
	  + 1
 ln  ln  +

		 
,	:  conductivity, concentration 
Subscript:  ,!: ion and electron properties  ": separation distance of the atoms 
 
 
4.3.4 Chemical diffusion coefficient obtained from coulometric titration 
The chemical diffusion coefficient is a key parameter in mixed ionic-electronic conductors 
because it measures, at given geometry and driving force, the rate at which the chemical 
diffusion occurs [99]. Coulometric titration technique is generally used to measure the chemical 
diffusivity in mixed conductors. By using the corresponding experimental data from polarization 
[100] or depolarization [90], the effective Q* can be obtained according to the transient voltage 
change with time. In the short time regime8, the cell voltage changes linearly with the square root 
of time, while in the long time regime it changes with time exponentially [90, 101-103].      
Figure 4.13 shows the chemical diffusivity Q*  measured from the coulometric titration 
experiment. The Q* -value varies with the non-stoichiometry. This phenomena is commonly 
observed in mixed conductors and can be explained in terms of defect chemistry [93, 96]. As we 
                                                          
8
 The time constant  is equal to to ℵ 
"
. The pre-factor ℵ slightly varies due to different boundary conditions, i.e. 
blocking electrode only on one side or on both sides of the cell electrode, cf. references [90, 101]. Typically the 
short time regime refers to  <  and the long time regime to	 > . 
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will show in the following, the experimental Q* can by explained by our job-sharing chemical 
diffusion model developed in section 4.3.5. It is worth mentioning that the bulk percolation is 
insignificant as in previous section TEM image shows the RbAg4I5 thin film characteristic on 
graphite surface. The observed chemical diffusion thus set the lower limit of the mass transport 
rate.      
 
 
Figure 4.13. Comparison of Q* -values obtained from titration experiment and theoretical 
calculations. 
 
4.3.5 Theoretical calculation of chemical diffusion coefficient 
 
In equation (4.12) the chemical diffusivity consists of two components: chemical resistance and 
chemical capacitance. This type of heterogeneous chemical diffusion relies on the physical 
properties of the constituting phases. As long as the required physical parameters are known, one 
can calculate the chemical diffusivity. 
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• Calculation of the inverse of chemical resistance (*)+ 
I! = 0.27	R/B (Ref. [104])  and I = 1250	R/B (Ref. [71]). The inverse of chemical 
resistance (
,#$
% ,&

,#$
% ,&
) is calculated to be 0.27	R/B. The value is equal to I!  simply because 
I is orders of magnitude higher than I! . 
• Calculation of the inverse of chemical capacitance (P*)+		                           
 Ionic carrier concentration contribution 
+
-#$
%
. /01#$
%
. /0-#$
%  
The value of ! is calculated from the silver ion concentration of RbAg4I5, which is 
consistent with reference [76]. The high ionic concentration (~19M) results in a very 
small 
+
-#$
% . If we consider the activity coefficient for such high concentration case, the 
contribution from ionic carrier 
+
-#$
%
. /01#$
%
. /0-#$
%  will become even more marginal
9. It is worth 
mentioning that !  is almost independent of the non-stoichiometry in excess/deficiency 
regime, owing to its intrinsic value being much higher than the amount of silver ion 
added/removed.    
 Electronic carrier concentration contribution 
+
-&

. /01&

. /0-&
 
Graphite inevitably contains some amounts of lattice defects and impurities, so the 
concentration of electric carriers in graphite is strongly dependent on the defect chemistry. 
The effects are more severe for the graphite surfaces. Several kinds of defects, e.g. 
adsorbed molecules, carbon interstitial/vacancy, grain boundaries, lead to carrier density 
variations [105-107]. Since the intrinsic electric carrier concentration in graphite is not as 
high as the intrinsic ionic carrier in RbAg4I5,  varies with the non-stoichiometry. The 
minimum number of  occurs at the stoichiometric point. When the coulometric titration 
is performed, the total number of electric charge carriers (i.e. electrons + holes) increases 
and thus reduces the term 
+
-&
 . Note that the concentration here refers to the local 
                                                          
9
 For concentrated situation, the   value strongly deviates from  . The pre-factor is activity coefficient.   
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concentration in the space charge region rather than to the bulk region. The variation of 
 upon coulometric titrations can be obtained as long as the contact area of composites 
(by BET measurement) is known and the monolayer assumption is made.  
  Electric potential contribution 




 
The term 




 originates from the electrostatic potential over the interface. Unlike the 
other two concentration-dependent terms in (4.12), this term is only determined by fixed 
physical parameters. The mean dielectric constant is obtained by averaging the dielectric 
constants of components [108-110]. The corresponding value of * is estimated from the 
data suggested in literature [72, 111]. 
  
4.3.6 Discussion of chemical diffusion coefficient 
 
As already shown in Figure 4.13, the calculated Q* is in a nice agreement with the experimental 
data. The ultrahigh Q* values can be traced both to the very low chemical resistance (*) and the 
very low chemical capacitance (P*).  
RbAg4I5 is a superionic conductor with high ionic conductivity and extremely low electronic 
conductivity. The sluggish conductivity of electrons limits the movement of neutral silver and 
leads to the very slow chemical diffusion [112]. Owing to graphite being the adjacent phase, the 
electrons are allowed to reside and move on the graphite side of the interface. The silver 
transport thus is significantly enhanced. Because the electronic conductivity of graphite (I) 
dominates the ionic conductivity of RbAg4I5 (I! ), the rate-determining step for the chemical 
resistance (*) of RbAg4I5/graphite composites is the silver ionic conductivity on the RbAg4I5.  
The low chemical resistance is not enough to achieve such an ultrafast chemical diffusion. 
Another favorable factor is the low chemical capacitance. Figure 4.13 illustrates the calculated Q* as a function of non-stoichiometry. The Q* data from the titration experiment can be well- 
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Figure 4.14 Contributions of various capacitive terms to the chemical diffusion coefficient. The 
characteristic term resulting from the electrostatic field effect is dominant and pushes the 
chemical diffusion in the composite to unprecedentedly high values. 
explained by our job-sharing model. The maximum value occurs at the stoichiometric point, 
where  has lowest number.10 
With the increase of non-stoichiometry, Q* slightly drops and approaches a constant value. To 
discuss the behavior, it is necessary to separately analyze the contribution of each component 
term in (P*)+ (see Figure 4.14). Owing to the extremely high Ag+ concentration in RbAg4I5, 
+
-#$
%  is always marginal over the non-stoichiometry range. On the other hand,  varies with the 
addition/removal of silver. At the stoichiometric point where the numbers of electrons and holes 
are equal,   has its least value and hence +
-&
 is at maximum. As soon as excess electrons or 
holes are injected into graphite, 
+
-&
  quickly decays, e.g. the value is half of highest when 
                                                          
10
 Note that   and 	  respectively refer to the total number of ionic defect and electronic defect concentration. 
Apart from the stoichiometric point, the silver storage leads to the increase of electrons and interstitial ions while 
the silver removal leads to the increase of holes and silver vacancies. The minimal 	(and  ) occurs at the 
stoichiometric point where the concentration of electron and hole (and interstitial and vacancy) are equal. An 
analogous mathematical problem is if  =constant then ( + ) has minimum when  = .  
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δ=1.5×10-6. This is the reason why a hump is observed around the stoichiometric point in Figure 
4.13. The most important contribution to the anomalously fast chemical diffusion is made by the 
term owing to the electrostatic field effect 




. This characteristic term of job-sharing 
mechanism is independent of non-stoichiometry and dominates the others. As P*  stands for the 
ability to take up or release chemical components, the appearance of the electrostatic term 
significantly suppresses P*  and hence speeds up the chemical diffusion. Thermodynamically the 
built-in potential tends to avoid charge variation when they move along the interface.11 In view 
of this, the chemical diffusion in such an “artificial” mixed conductor is faster than in a classic 
mixed conductor, even if exhibiting the same ionic and electronic conductivities.12 
Electrochemical devices, such as fuel cells and batteries, require mixed conductors conveying 
ions and/or electrons, so it is tempted to find out mixed conductors with promisingly mass (or 
charge) transport. Conventional methods, e.g. doping, focus on tuning the bulk properties of the 
materials, but they are limited by the intrinsic characteristic of materials. Here the synergistic 
concept of “job-sharing” mechanism offers one more degree of freedom for designing mixed 
conductors. As demonstrated above, an artificial mixed conductor comprising a very good ionic 
and a very good electronic conductor can achieve excellent mass transport, due to not only low 
chemical resistance but also low chemical capacitance. Therefore the finding of the present study 
may open a new class of novel materials in the applications of energy storage and energy 
conversion.     
 
4.3.7 Silver permeation membrane 
Mass transport through the mixed conductors is of significant interest in solid state ionics. One 
important application is solid membranes that are used to separate different species. Taking 
                                                          
11
 Otherwise, the filling charges will accumulate at the interface, leading to an increase of the electrostatic potential. 
 
12
 The conductivity  is proportional to the product of mobility  and charge carrier concentration . For a classic 
mixed conductor,  ∝ 	 	


	 '
	
	 
(

	 +

(
	
. If we assume the mixed conductor with the property ( ≪   and 
 ≫ ), the above expression approximately turns out to be  ∝ 	 	 (	 . As long as 
)
 !
 dominates 

(
	
, the 
interfacial mass transport is anyway faster than the classic mass transport.   
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oxygen permeation membrane as an example, the separation of oxygen can be achieved by a 
ceramic membrane permeating only oxygen but no other species [113]. Besides the technology 
aspects, the permeation membrane technique also allows evaluating the mass transport rate. 
Since the movement of oxygen relies on the ambipolar motion of oxide ions and electrons, the 
permeation rate is directly related to the chemical diffusion of oxygen. As long as the permeation 
mass flux is measured, it is able to calculate the Z( values.  
Different from steady-state measurements, the methods involving transient concentration 
gradients allow us to monitor the dynamic concentration change. Such methods have been used 
to determine the Z( value of oxygen in ceramic membranes [114-116]. By suddenly creating a 
constant concentration on one side of the electrode, the chemical species will diffuse though the 
electrode (Figure 4.15). As the species needs some time to convey and reach the sensing point, 
the signal shows a characteristic time delay τ. As long as the diffusion length and the time delay 
are known, one can calculate the Z( of the mixed conductor [115].  
 
 
Figure 4.15 Concentration build-up at position ∆  within the electrode. After a constant 
concentration of component (e.g. Ag) is suddenly imposed on the outer side of the electrode 
(bule square) at	T  0, the component will diffuse into the electrode. At T  [ the sensing probe 
detects the concentration variation and the corresponding time delay can be used to evaluate the 
chemical diffusivity. 
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In the present study, we used Pt electrode to probe the local silver concentration. The 
electromotive force (emf) indicates the chemical potential difference between working electrode 
and silver electrode. Since the chemical potential is a function of silver concentration, the rate of 
diffusion can be obtained by observing the emf change. The configuration of the experiment is 
depicted in Figure 4.16. Before the Ag source is applied, the concentration within the working 
electrode is 
. As soon as the electrode is contacted by Ag on the outer side, the concentration at   \ suddenly becomes %. Moreover, due to its very low electronic conductivity, RbAg4I5 is 
impermeable for Ag.  
The silver concentration ! can be solved by Fick’s second law  
]!]T  Z( ]!] 																																																							4.14 
The boundary and initial conditions are 
]!0, T]  0																																																														4.15 
!\, T  %																																																												4.16 
!, 0  
																																																												4.17 
 
 
Figure 4.16. Schematic of the configuration of silver permeation experiment. At T  0, the silver 
concentration at   \ has instantaneously jumped from a
 to a% . 
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As long as  &$ is solved [117], the effective chemical diffusion coefficient can be calculated by 
analyzing the emf response [118]. To demonstrate the superior chemical diffusion for the 
composites, here we also perform the permeation experiments on silver chalcogenides, as the 
representative of conventional mixed conductors. Silver chalcogenides exhibit very high 
chemical diffusivity in the superionic phase, due to the significantly cationic structural disorder 
[9, 79, 119]. However, the rate of mass transport drops substantially when the temperature is 
below the transition point.  
Figure 4.17 compares the permeation rate for the RbAg4I5/graphite composites and the silver 
chalcogenides at room temperature. The emf of working electrode (vs. Ag/Ag+) was stable 
before the permeation experiment. At t = 100 min a silver pellet was contacted on the outer side 
of the working electrode. As a source of constant concentration of silver, the silver pellet 
supplies a continuous concentration gradient driving silver through the electrode. Once the silver 
has moved the distance *


	S , the probe will sense the emf change. In Figure 4.17 the silver 
chalcogenides do not sense any emf change even after 2 hours while the RbAg4I5/graphite 
composite exhibits a very quick response. The invariant emf of silver chalcogenides indicates 
that the Q* values at room temperature are very small. On the other hand, the short delay time of 
the composites allows us estimating Q*. As mentioned in section 4.2.6, it usually takes about one 
minute to reconnect the measurement setup. As soon as the emf measurement was switched on, 
we observed that the emf transition for RbAg4I5/graphite composite already finished. 
To estimate the Q* from the permeation experiment, it is necessary to correlate the transient emf 
change with the time upon contacting the silver source. Preis and Sitte [118] suggested the 
solution of emf as a function of component concentration. As long as the concentration &$((	 , T) 
is substituted into the solution, one can obtain the emf function and thus extract the effective Q* 
from the experiment. Since the time delay for the composites is shorter than the reconnection of 
experiment setup, the lower limit of Q* can be extracted if taking one minute as the time delay. 
The corresponding Q*  value (≈ 5×10-5 cm2/s) confirms that the chemical diffusion is highly 
favorable. To track the rapid transient of the emf variation, the future work aims to carry out an 
in-situ experiment without interrupting the emf observation.   
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Figure 4.17 Ag permeation experiment. At t =100 min, the working electrode (W.E.) is suddenly 
contacted by silver. In the case of the RbAg4I5/graphite composites, the electromotive force (5) 
approaches zero very quickly. The comparison with silver chalcogenides shows that even after 2 
hours the 5 value has not changed. 
 
The obtained Z( for the RbAg4I5/graphite composites have been summarized in Table 4.2. The 
experimental value, either by coulometric titration (electrochemical method) or permeation 
(chemical method), is in an agreement with the theoretical prediction. The corresponding values 
are at least three orders of magnitude higher than pure RbAg4I5 and even over NaCl in liquid 
water. A more detailed discussion will be shown in section 4.3.10. 
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Table 4.2: Comparison of chemical diffusion coefficients Q*  at 25oC 
RbAg4I5/graphite composites RbAg4I5 NaCl in water 
Coulometric titration Ag permeation Calculation Ref.[112] Ref.[120] 
30~50 > 5 30~60 0.0017 1.6 
Values in 102	B	/*.     
 
4.3.8 All-solid-state battery 
Another important application of mixed conductors is battery electrodes. The rate which one 
battery can be charged is usually limited by the mass transport of the electrode materials [87]. 
For instance, a lithium based battery typically cannot be charged in several minutes because of 
the low lithium diffusivity of the electrode [121]. To overcome the intrinsic barrier, 
nanostructuring the materials in the form of nanodots (0D) [122], nanowires (1D) [123], or 
nanosheets (2D) [124] have been widely developed. Since the diffusion time is proportional to 
the square of diffusion length [40], the reduction of the size of electrode materials indeed 
substantially enhance the rate performance.  
Unlike conventional approach by shirking the diffusion length, the present work aims to improve 
the rate performance by enhancing the chemical diffusivity according to the job-sharing 
mechanism. Figure 4.18 shows the galvanostatic charge/discharge curves of a silver all-solid-
state battery. Here RbAg4I5 serves as solid electrolyte as well as the component of electrode. The 
rather linear charge/discharge behavior is consistent with that in coulometric titration 
experiments. In the language of battery research, an index to evaluate the rate performance is C 
rate. A rate of n C denotes the rate at which a full charge or discharge takes 3600/n seconds, e.g. 
it takes one hour for 1 C. Figure 4.18 shows that using the above composite as electrode, the 
battery can be charged at very high rate. The reversible capacity still retains even at the extreme 
charging rate of 1240C (corresponding to charge/discharge within 2.9 seconds). The operating 
potential range includes silver excess and deficiency, so the excellent performance shows the  
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Figure 4.18 Ultrafast rate performance for a silver all-solid-state battery. The cell is 
galvanostatically charged/discharged between 0.01-0.4 V.  
 
silver storage/removal is very fast. The rapid process is attributed to good electronic/ionic 
conductivities as well as to ultrahigh chemical diffusion. The latter turns out to be particularly 
important in the heterogeneous systems because it facilitates the redistribution of silver within 
the composite electrodes.  
Technologically the all-solid-state batteries have several advantages in the application of energy 
storage. They are structurally robust and could be operated in a wide temperature range [125]. 
The cells composed of our composite electrodes are able to be charged at very high rate. As the 
stoichiometric variation occurs at the interfaces, the capacity naturally increases with the contact 
area. Therefore shrinking the size of carbon and RbAg4I5 could effectively improve the storage 
capacity. A good candidate could be composites of graphene and RbAg4I5, generating two-
dimensional heterostructures. 
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4.3.9 All-solid-state supercapacitor 
Supercapacitor technology is a key technology for rapid energy storage. The conventional 
working principle is to store the ionic charges, where are dissociated from the liquid electrolyte, 
on the surface of two symmetric electrodes. To hold the local electroneutrality, the dissociated 
cations and anions are respectively compensated by the electrons and holes formed on the 
electrodes. The storage capacity is limited by two factors: (i) thermodynamically the maximum 
capacity is determined by the total amount of dissociated ion-pairs in the electrolyte, so for 
electrodes with high surface area the cell may require a large electrolyte volume. (ii) Kinetically 
at high rates the concentration polarization in the electrolyte becomes severe, which limits the 
rate performance of the supercapacitors. Based on job-sharing storage mechanism, we present a 
new type of all-solid-state supercapacitors composed of RbAg4I5/graphite composites (electrode) 
and RbAg4I5 (electrolyte). Since RbAg4I5 is a cationic solid conductor that only allows the 
motion of Ag+, the concentration polarization will not occur. Unlike conventional 
supercapacitors, the storage of the all-solid-state system relies on the local nonstoichiometry at 
the interface of composite electrodes. Here one realizes silver excess (interstitials on the RbAg4I5 
side, electrons on the graphite side) on one side of the cell and silver deficiency (vacancies on 
RbAg4I5 and holes on graphite) on the other. Since RbAg4I5 electrolyte is only responsible for 
ionic transport, its volume (thickness) does not influence the total storage. Moreover, the atomic 
length of screening layer makes the cells kinetically favorable.  
One useful method to evaluate the rate performance of a supercapacitor is the analysis of 
frequency dependence on capacitance. For a symmetric type supercapacitor, typically the 
equivalent circuit contains one resistance and one capacitor. An alternative approach is to 
consider the whole systems as a complex capacitance [78]. Thus, by using the impedance data, it 
yields the real (P) and imaginary (P) part of the capacitance  
PU = −(U)U|(U)|	 																																																									(4.18) 
PU = (U)U|(U)|	 																																																									(4.19) 
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where b is the frequency. and  stand for the real and imaginary part of the impedance data. 
Figure 4.19 shows the evolution of complex capacitance as a function of frequency. The low 
frequency value of a corresponds to the capacitance of galvanostatic charge/discharge. The 
maximum of the imaginary part at 25 Hz is used to define a characteristic time constant [ (= 1/25 
= 40ms). This time constant, referring to the relaxation time of the cell [78], indicates that half of 
the low frequency a still retains at [. In Figure 4.19, the 40 ms relaxation time suggests that the 
silver addition/removal process is extremely fast and almost as high as recently reported values 
for liquid systems [126]. 
It is worth mentioning that in addition to charge transport to the interface the chemical diffusion 
in all-solid-state cells may play a crucial role wherever percolation is not ideal. Unlike in liquid 
systems, the mass transport in solid systems strongly relies on the solid-solid contact situation. 
Besides the necessarily quick polarization of the ionic conductor/electronic conductor interface, 
the rapid mass transport along the interface and hence the fast silver redistribution is also 
required. To unify the mass transport in the highly dimensional problem, numerical 
 
Figure 4.19 Ultrafast performance for all-solid-state supercapacitor. The frequency dependence 
of the real and imaginary part of capacitance (a΄ and a΄΄) shows an extremely short relaxation 
time of 40ms. 
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investigations such as finite element simulation are necessary. Jamnik and Maier [98] developed 
a general transmission line model for charge and mass transport in mixed conductor. The 
corresponding equivalent circuits consist of unified “electrochemical resistors” and 
“electrochemical capacitors”. Such type of study in the heterogeneous systems has not been 
explored and will be the scope of future works on the artificial mixed conductors. 
 
  4.3.10 Comparison of chemical diffusion coefficients for various materials 
 
Figure 4.20 Comparison of chemical diffusion coefficients for different materials. The Q* 
values for other materials are taken from [96, 112, 120, 127-135]. 
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Chemical diffusion coefficients are the characteristic parameters of mass transport. Figure 4.20 
shows a diffusivity map for different materials. Owing to their low diffusivity, oxygen mixed 
conductors are usually measured at temperature above 400oC. The superconductor YBa2Cu3O7 
(YBCO) has very high electronic conductivity [135], but the transport of oxide ions is sluggish 
and thus significantly drags the motion of oxygen. Another extreme case is Y2O3-ZrO2 (YSZ), 
the state-of-art solid electrolyte with high ionic conductivity but low electronic conductivity [132, 
136]. To facilitate the electronic motion, a doping of 9.5% of Mn has been reported an 
considerably enhancement of Q* 	[137].  
Room temperature Q*-values are usually very low. This is also true for Li-electrode materials, 
e.g. LiCoO2, which is due to low conductivities and high chemical capacitances. Ag2Te is one of 
the mixed conductors having highest Q* value after experiencing a phase transition about 140oC 
[79]. In high temperature phase, its Q* does not strongly change with temperature and shows a 
plateau in Figure 4.20. RbAg4I5 is a superionic conductor with highest ionic conductivity at room 
temperature. Yet, as a good solid electrolyte, the extremely low electronic conductivity leads to 
the relatively sluggish sliver transport. As already demonstrated in previous sections, the 
synergistic concept of mixing RbAg4I5/graphite substantially increases the silver diffusivity. At 
room temperature, the extremely high Q* value exceeds all the reported values for other solids 
and even values of NaCl in liquid water by at least one order of magnitude.    
 
4.4 Conclusion 
In this chapter we experimentally investigate the interfacial storage by fabricating all-solid-state 
storage devices. Since the all-solid-state cells have no passivation problems, they allow for a 
systematic study in the solid-solid interfacial properties. A full picture of the defect chemistry in 
the model system RbAg4I5/carbon has been established. The stoichiometric variation includes I2 
liberation, silver deficiency, silver excess, and silver deposition. The titration curve exhibits 
silver deficiency and excess take placing at the RbAg4I5/carbon interfaces. The silver deficiency 
is realized by silver vacancies (&$ ) on RbAg4I5 side and electron holes (ℎ∙) on the carbon side, 
while the excess must be realized by silver interstitials (FG∙) on one and excess electrons () on 
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the other side. The specific capacity increases with the contact area, indicating the storage really 
happens at the contact area. 
The silver storage/removal of such composites is kinetically highly favorable. The obtained 
ultrahigh Q*  is well explained by the job-sharing chemical diffusion model. Owing to the 
electrostatic heterogeneity effect expressed by the built-in electrostatic field, the synergistic 
concept can significantly enhance the mass transport rate in ionic materials. The kinetically 
excellent RbAg4I5/carbon composites have been demonstrated in electrochemical applications 
including permeation membrane, battery electrode, and supercapacitor.     
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5 
Main Conclusions 
 
The present study comprehensively investigates the “job-sharing” mechanism that enables one to 
store matter at junction of an ionic conductor and an electronic conductor, even though the 
constituting phases could not accommodate the matter alone. By splitting the species into ions 
and electrons, the storage is realized by the ions residing on the side of ionic conductor while 
electrons on the electronic conductor side. Different from conventional mechanisms that store 
mass in the bulk regions of host materials, the interfacial (job-sharing) storage mechanism 
accommodates the mass in the space charge regions. As shown here, it also allows for 
establishing deficiency, realized by forming ion vacancies coupled with electron holes.  
This thesis covers three main parts: theory of the mechanism, experimental evidence, and 
applications. A generalized model is developed to deal with the charge carrier distributions at 
different junctions. When the storage capacity is marginal, it is necessary to consider the 
contribution of all types of charge carriers, i.e. interstitial ions, ion vacancies, electrons, and 
holes. This storage domain is called intrinsically dominated mode where the metal activity ' is 
constant. On storage capacity increase, the contributions of counter charges become less 
important. Once the counter charge carriers are negligible, the situation is simply dominated by 
the major carriers in the diffusive layers. This storage domain is thus termed the diffusive-layer 
dominated regime where ' ∝ ±. The third storage regime emerges when significant amounts 
of stored charges locate in the rigid layers, leading to a perceptible electrostatic potential drop 
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over the interfaces. In this case, the system shows a transition from a chemical capacitor to an 
electrostatic capacitor with the dependence ' ∝ . 
Since the generalized model is determined by several physical parameters, the evaluation of 
parameter variation could give a quantitative overview of the model. For instance, a rise of mass 
action law constant  leads to the change of the interfacial defect chemistry and thus the jump 
of the equilibrium potential around the stoichiometric point is reduced. An extreme case is when 
both  and  are very high, i.e. superionic conductor/(weak) metal interface, the < vs.  curve 
will be a straight line. The predicted behavior is observed in the case of RbAg4I5/carbon junction.  
Lithium storage is the key issue of Li based batteries. Li (i.e. Li+ and e-) can be reversibly 
brought from one electrode to the other according to their different chemical Li potentials. Here 
the Li+ is transported through the electrolyte and e- through the outer part of the circuit. As the e- 
in the external circuit is able to perform electrical work, the concept allows for a reversible 
transformation between chemical energy and electrical energy. One scope of the study is to 
investigate the job-sharing storage of lithium in the model system LiF/Ni nanocomposites (≈ 1-2 
nm grain size). As neither LiF (pure ionic conductor with large band gap) nor Ni (metal but not 
alloying with Li) could accommodate Li individually, the Li storage in the composites is only 
thermodynamically feasible in the space charge regions of LiF/Ni contacts. The quantitative 
analysis shows a transition from the diffusive-layer dominated mode to the rigid-layer dominated 
mode. It is shown that at interfaces one is able to establish not only Li excess but also Li 
deficiency. Moreover, the extracted parameters E and 7  for Li storage are in agreement with 
those for Li removal. It indicates that the stoichiometric change of the composites is mainly due 
to the physical properties of the LiF/Ni junctions rather than side reactions. The finding of 
interfacial storage is also important for a complete understanding of conventional storage 
mechanism. As ionic materials always contain bulk and boundary zones, it is necessary to unify 
bulk and space charge storage, in particular for nanocrystalline electrodes. 
Another experimental corroboration is Ag storage at RbAg4I5/carbon junctions, investigated by 
using all-solid-state electrochemical cells. RbAg4I5 is a silver superionic conductor with very 
high ionic concentration and very low electronic concentration. On the other hand, carbon (e.g. 
graphite) is a good electronic conductor exhibiting p- or n-type conductivity. These characteristic 
properties result in the RbAg4I5/carbon junction being a good model system for studying Ag non-
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stoichiometry at interfaces. Within the range bound by Ag deposition (lower limit) and I2 
liberation (upper limit), the coulometric titration curve shows a distinct stoichiometric variation 
including silver excess (FG∙/) and deficiency (&$ /ℎ∙). The storage capacity increases with 
contact area, indicating that the stoichiometric change occurs at the RbAg4I5/carbon contacts.  
The aforementioned results have experimentally proved the heterogeneous mass storage being 
consistent with the developed model. In addition, the Ag storage/removal process in 
RbAg4I5/graphite composites is found to be very fast, owing to a novel mass transport 
mechanism (job-sharing chemical diffusion). As the ions and electrons move along the interfaces, 
the mass transport specifically refers to the local movement in the space charge regions. The 
anomalously high mass transport needs both very low chemical resistance and very low chemical 
capacitance. As far as the resistance is concerned, the synergistic concept offers additional 
degrees of freedom in that one can independently have ionic conductivity by selecting a good 
ionic conductor (e.g. RbAg4I5) and electronic conductivity by selecting a good electronic 
conductor (e.g. graphite). As far as the capacitance is concerned, the characteristic electrostatic 
heterogeneity effect, expressed by the built-in electrostatic field, can significantly suppress the 
chemical capacitance and hence enhance the mass transport rate. The apparent chemical 
diffusion coefficient of RbAg4I5/graphite composites is thus extremely high and even exceeds the 
value of NaCl in liquid water by one order of magnitude.  
The marvelous kinetics of the job-sharing concept leads to excellent performance in the 
applications including batteries, supercapacitors, and permeation membranes. The fabricated Ag 
all-solid-state batteries can be charged at extremely high rate of 1240C (corresponding to 
charge/discharge within 2.9 seconds). In addition, the all-solid-state supercapacitor, based on the 
novel working principle with excess on one electrode side and deficiency on the other, exhibits 
an extremely short relaxation time (40 ms) close to a recent record value observed in liquid 
systems. At last, the ultrafast chemical diffusion of RbAg4I5/graphite composites allows for a 
usually high Ag permeation rate at room temperature. We hope that the present thesis can pave 
the way for a systematic research on a new class of novel mixed conducting materials. 
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Appendix I 
 
Combining equation (2.1) and (2.2) yields Poisson-Boltzmann equation  
∇	 = − 	

V	> /−	( − ) 0

.																												(A. I. 1) 
Abbreviating  
3
3
= W, then 3

3

 can be rewritten as 
34
3
=
34
3
3
3
=
34
3
W and equation (A.I.1) as 
WW = − 	

> /−	( − ) 0

	 .																(A. I. 2) 
With the boundary condition  ( = ∞) −  = 0 = W( = ∞), it yields  
−
 = −2
 
/> /−	 −  0 − 0

.																				(2.3) 
For the case of monovalent defect, the term in the bracket of equation (2.3) can be rewritten as  
+,  − − , − 2 +  
 −,  =  !+,"-  −
 − ,
2 −  
 − ,
2 
-
	, 
and yielding equation (2.4)  
−
 = −2
  − 	.																																																			 
The total stored charge thus can be obtained, according to Poisson equation ( = −
 3
3
) and 
the boundary condition 
3.
3
= 0, by integrating the charge density from  = 0 to  = ∞ 
  = X  = 2
#0 − 0$.																																(2.5)
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Appendix II 
 
Equilibrium picture at the job-sharing contact of a weakly disordered ion conductor and a weakly 
disordered electronic conductor is shown in Figure A.II.1. As most strictly speaking the ionic 
crystal contains (∙, , , ℎ∙) four charge carriers (even though the ionic defect concentrations 
are orders of magnitude higher than the electronic defect concentrations, e.g. LiF) and electronic 
conductor contains three (∙, , ℎ∙) charge carriers. The constancy of the potentials given at the 
bottom throughout the phases assumes that there are, on a low level, electronic carriers in phase C and M interstitials in phase D.  
The electrochemical equilibrium of the M incorporation reaction is given by 
%& = %&M• + %&e' 		.																																																								2.14 
As eqn. (2.5) shows that the total charge () is related with the concentration at the outmost layer, 
we specifically refer the electrochemical potentials of M
• and e′ to the outmost positions, i.e. %&M•( = 0) and %&e'( = 0). For dilute considerations, eqn. (2.14) can be rewritten as 
%
 +  ln ' 
= %
M
•

 +  ln  = 0 + 	Y = 0 + %e'
 +  ln # = 0$ − 	Y# = 0$			A. II. 1 
where %
 is the standard potential of species j.  
Rearranging (A.II.1) yields equation (2.15) in the main text:  
0(0)' = 	  	× exp/−	((0) − (0)) 0																																					 
with  = exp/5/ 5M• 5e' 0 . 
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Figure A.II.1. Equilibrium picture at a weakly disordered ion conductor / weakly disordered 
electronic conductor junction.  
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Appendix III 
 
For rigid layer dominant mode, the lithium activity '( is proportional to , where 7 = 6. 
Note that here  refers to the charge per unit area. In battery application, the capacity usually 
refers to charge per unit mass. If we assume the Ni particles are almost fully covered by LiF (but 
the percolation is still guaranteed), one can replace  by capacity per unit mass (), weight of 
composite electrode (-! ), and the contact area (F).  
 = -! F 																																																														(A. III. 1) 
If, for Ni, spherical particles are assumed with radius (@7) and density (7), the above equation 
yields 
 = 7F (-! 7 ) = 7
4Z
3
@7
4Z@-	 (-! 7 ) = 7@73 (-! 7 )															(A. III. 2) 
where 7 is the weight of Ni in the composite. By using lithium metal as reference electrode, 
the dependence of equilibrium (<) potential can be described as   
< = const. − [7@7*
3̅
 (-! 7 )\ 	.																																					(A. III. 3) 
The molar weight of the composites is determined by averaging the molar weight of Ni and LiF. 
The expression of  7 thus can be obtained by rewriting (A.III.3)  
7 = 	7@7*
3̅
 (7 + 2(7 ) .																																													(A. III. 4) 
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With typical parameters ( ̅ = 10, * = 0.3 nm, @7=1nm, 7=8.91g cm-3, 7=59,	(=2.64 g 
cm-3, (=26),  the 7 value  is 2.35 g (mAh)-1.  
On the other hand, if we assume LiF being embedded in Ni, then 7 is expressed as 
7 = 	(@(*
6̅
 (7 + 2(( )																																												(A. III. 5) 
and the corresponding value is  0.79 g (mAh)-1. 
In view of the complexity of the system, it is pertinent to assume 7 to be on the order of 1 g 
(mAh)-1, which is in a good agreement with our experimental observation in Chapter 3.  
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Appendix IV 
 
If we assume that a charge species j moves through a unit volume with cross section area A and 
thickness L, the resistance is expressed as    
 = 1I 	 SF																																																												(A. IV. 1) 
and the capacitance is the derivative of storage charge  (unit: coulomb) with respect to the 
potential < (unit: volt)  
P = < = 	FS	%	 																																																	(A. IV. 2) 
where  and % are the concentration and chemical potential of species j. Equation (A.IV.2) can 
be rewritten as   
P = FS		  ln ' = FS	
	   ln  ln ' 																																	(A. IV. 3) 
Since the chemical diffusion of neutral component relies on the ambipolar motion of ions and 
electrons, the transmission line model in reference [98] suggests the chemical resistance * and 
chemical capacitance P*  are   
* = ( 1I!	 + 1I	 ) 	 SF = I!
	 + I	I!	 I	 	 SF																																		(A. IV. 4) 
P* = FS		 ( 1!  ln '! ln ! + 1  ln ' ln )
+
.																								(A. IV. 5) 
The time constant is thus given as  
*P* = S			 I!	 + I	I!	 I	 	( 1!  ln '! ln ! + 1  ln ' ln )
+
 
=
S			 I!	 I	I!	 + I	 ( 1!  ln'! ln ! + 1  ln' ln ) =
S	Q* .													(A. IV. 6) 
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